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Abstract  
Crop productivity intensification in smallholder farming systems of sub-Saharan Africa 
(SSA) is urgently required to improve food self-sufficiency. Increased fertilizer use can 
address nutrient deficiencies that limit crop productivity in SSA. There is however large 
uncertainty in crop yield responses to fertilizer applications on farmer fields. This 
uncertainty has been linked to strong heterogeneity in soil fertility between and within 
farms. Fertilizer recommendations that account for this spatial heterogeneity are 
therefore required to better advise farmers, reduce investment and environmental risks 
for sustainable crop productivity intensification. The main objective of this study was to 
better understand and explain patterns of maize yield and yield responses to fertilizer 
applications under heterogenous fertility conditions in smallholder farming systems. 
This would allow for improved targeting of fertilizer applications, and enable better 
prediction of expected crop yield response to fertilizer use.  
A series of on-farm experiments assessing maize yield response to fertilizer application 
under variable soil fertility conditions were established on 23 farmers’ fields in Siaya, 
western Kenya across multiple seasons. Prior to experiment establishment, farmers were 
extensively interviewed to obtain information on past crop and nutrient management 
practices in selected fields. The experiment used was comprised of nutrient omission 
trials (NOTs) on farmer fields in Siaya to assess patterns of maize yield response to 
fertilizer applications of 150 kg ha-1 nitrogen (N), 40 kg ha-1 phosphorus (P) and 60 kg 
ha-1 potassium (K). In Phase 1, plots with treatments including control, PK, NK, NP and 
NPK were repeated for 7 consecutive seasons in the same plots. In Phase 2 of the 
experiment, a second set of NOTs including PK, NK, NP and NPK were established in 
every plot on 6 fields that were previously part of Phase 1. On 13 other fields from Phase 
1, all plots received NPK in Phase 2. Yields and above ground biomass were measured 
every year, soil samples were taken in 2013, 2014, 2016 and 2018 and plant samples 
were taken in 2016 and 2018. Spatial-temporal patterns in yield and yield responses 
were studied and compared with soil and farmer characteristics. Yield response to soil 
nutrient supply was studied with the QUEFTS model, and the RC-P model was used to 
study fate of fertilizer P. Nutrient balances were calculated. 
The frequency and magnitude of maize yield response to fertilizer N, P and K varied 
strongly over space and time, yet observed patterns were not adequately explained by 
soil chemical parameters or texture. Fertilizing with N, P, and K substantially reduced 
observed spatial-temporal variability in maize yield response, and resulted in 
consistently enhanced maize yields. All fields were responsive to N, most fields to P 
and only 7 to K. On average, NPK yields were about 5 to 5.5 tons ha-1 in the short- and 
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long rainy seasons respectively. Application of only NP or NK resulted in strongly 
declining yields within a few seasons, with large differences between farms in resilience 
of soil P and K stocks. Based on observed spatial-temporal patterns, we concluded that 
blanket fertilizer recommendations in such farming systems result in low fertilizer use 
efficiencies. We further concluded that current methods for soil analysis do not 
adequately explain the observed variation in maize yield response to application of N, P 
and K fertilizers under the highly variable soil fertility conditions encountered in 
smallholder farming systems. 
Accounting for past manure application in Phase 1 of the experiment improved our 
ability to explain the variation in maize yield response to fertilizer application. Mean 
maize yield response to N, P and K application was 2.8, 1.1 and 0.6 t ha-1 in fields with 
animal manure previously applied, and 2.3, 3.0 and 1.6 t ha-1 in farms without past 
manure applications over 7 cropping seasons. Differences in maize yield response in 
fields with and without past manure applications were mainly related to enhanced soil 
phosphorus (P) and potassium (K) supply, and larger recovery of applied nitrogen (N) 
in fields with manure previously applied. Based on these findings, we concluded that 
the strong influence of past animal manure application on yield response to fertilizer 
applications merits the inclusion of past manure application as a co-variate in analysis 
of yield response data from smallholder cropping systems of SSA. 
The Quantitative Evaluation of the Fertility of Tropical Soils (QUEFTS) model did not 
adequately estimate crop yield responses to fertilizer applications under variable soil 
fertility conditions. This was linked to poor estimation of soil N, P and K supply based 
on current relationships for potential soil nutrient supply in the QUEFTS model. In 
particular, soil organic carbon (SOC) and P-Olsen were poor indicators of crop N and P 
uptake from the soil. Maize grain yield in unfertilized control treatment plots provided 
better estimates of potential soil N, P and K supply, resulting in improved predictions 
of maize yield response to fertilizer applications. These findings suggest that the 
standard soil parameters analysed do not accurately inform on the soil fertility status of 
the field and are of little use for smallholder farmers. Improved relations for estimation 
of potential soil nutrient in QUEFTS are required for better prediction of expected maize 
yield response to fertilizer application under variable soil fertility conditions.  
Maize crops in strongly nutrient-depleted soils responded strongly to balanced NPK 
fertilization, with yields comparative to long-term means within three seasons. 
Placement of P fertilizer strongly improved recovery, reducing the need for larger soil 
P stocks on soils that will typically develop a large insoluble P pool under P fertilization. 
The RC-P model provided insights in long-term recovery of P and could describe the 
observed P uptake patterns reasonably well. We concluded that strongly nutrient 
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depleted tropical soils such as those in Siaya with high clay contents that are typical for 
western Kenya, do not require prior investments to rebuild nutrient stocks and soil 
organic matter to substantially increase crop yields to 5-5.5 t ha-1. This has important 
implications for crop productivity intensification in SSA as a large proportion of soils 
under cultivation are strongly nutrient depleted, and earlier approaches have suggested 
the need for costly and capital intensive soil fertility replenishment. 
Results in this thesis clearly demonstrate that sustainable intensification of crop 
productivity on smallholder farms of SSA is very well possible on all fields under good 
management, even when soils are strongly nutrient depleted. However, the need for P 
and K fertilizers and amounts applied should be tailored to specific field conditions to 
reduce farmer costs in the short term. Accounting for past farm management and 
assessment of current yields under minimal or no fertilizer applications provides a 
means for improved targeting of fertilizer applications at the farm level. In the long term, 
farmers should aim for balanced fertilization to prevent mining of soil stocks. Simplified 
decision support tools that use field level information to develop improved estimates of 
fertilizer N, P and K requirements based on refined relationships between soil nutrient 
supply, nutrient uptake and yield, are required to derive fertilizer recommendations in 
future. 
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1.1 Background  
 
Food insecurity remains a global concern with up to 10% of the world’s population 
currently food insecure (FAO, 2018b). In sub-Saharan Africa (SSA), food insecurity is 
a bigger concern with close to 30% of the population in SSA currently food insecure 
(FAO, 2018b). Future projections paint an even grimmer picture with the projected 2.5 
fold increase in population by the year 2050 expected to result in a tripling in demand 
for cereals (Van Ittersum et al., 2016), the key staple foods. This illustrates the vast 
challenge of ending global hunger and malnutrition, and attaining food security by 2030 
as set out by the United Nations General Assembly (UN, 2015), particularly in SSA. As 
crop production serves as the key driver of food availability in SSA (Frelat et al., 2016), 
significant improvements in current and future food security will largely be based on 
crop productivity intensification.  
Crop production in SSA mainly occurs under rainfed permanent cropping (Binswanger-
Mkhize, 2017) in smallholder farming systems characterised by small farm sizes 
(Deininger et al., 2017). Crop productivity in these farming systems is however low due 
to poor soil fertility as a result of continuous cropping with little or no nutrient 
replenishment (Sanchez, 2002). Subsequently, actual yields of cereals in these 
smallholder farming systems are very low compared to attainable yield (GYGA, 2019), 
resulting in large yield gaps. For example, actual rainfed yields of maize the most 
important cereal crop in SSA (Shiferaw et al., 2011) during the period 2003 – 2012 
ranged from 1.2 to 2.2 t ha-1, representing only 15 – 27% of the water-limited yield 
potential (i.e. the attainable yield under optimum management under rainfed conditions)  
(Van Ittersum et al., 2016; Van Ittersum and Cassman, 2013). Such large differences in 
actual versus attainable yields result in low cereal self-sufficiency ratios within countries 
in SSA, prompting substantial reliance on food imports to meet food demand (Van 
Ittersum et al., 2016). Despite current low crop productivity, SSA has a large potential 
to intensify production and significantly close current yield gaps of major cereals. For 
exmple, addressing of nutrient deficiencies alone would help to close maize yield gaps 
to 50% of attainable yields (Mueller et al., 2012). Improved fertilizer use within 
smallholder farming systems of SSA is a key pathway for addressing nutrient 
deficiencies, and sustainably intensifying crop productivity.  
1.2 The role of fertilizers in crop productivity intensification 
 
Fertilizers are the key source of external nutrient supply under continuous cultivation 
(Dobermann, 2007; Reetz, 2016). Fertilizers are primarily produced from naturally 
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occurring nutrient deposits and the industrial fixation of atmospheric nitrogen (N) 
(Chianu and Mairura, 2012). Compared to other external nutrient sources such as 
organic residues and animal manure, fertilizers contain larger concentrations of nutrients 
in a form more available to crops and are easier to apply (Chianu and Mairura, 2012). 
Fertilizers amend soil fertility, maintain and increase crop productivity and help to 
sustain the capacity of soils for future crop production (Chianu and Mairura, 2012; 
Reetz, 2016). Globally, mineral fertilizers have sustained agriculture for more than 100 
years (Smill and Streatfeild, 2002; Stewart et al., 2005), with up to 50% of global crop 
yields attributable to fertilizer use (Stewart et al., 2005). The contribution of fertilizers 
to increasing crop yields has been credited with sparing millions of hectares of natural 
ecosystems that would otherwise have been converted to agriculture to meet the planet’s 
growing food needs (Balmford et al., 2005). Inappropriate, imbalanced, limited or 
excessive use of fertilizers in agricultural systems however remain a concern. Nutrient 
mining is common when limited amounts of fertilizers are applied (Dobermann, 2007; 
Ryan, 2007) as is often the case in SSA, while losses of applied nutrients to the 
environment are likely following excessive or improper applications of fertilizers (Van 
Noordwijk and Cadisch, 2002; Krauss, 2007). Sustainable fertilizer use should therefore 
be based on balanced fertilization, and proper application of fertilizers. Balanced 
fertilization refers to the proper supply of all essential crop nutrients in a balanced ratio 
throughout the growth of crops (Cisse, 2007). Fertilizer recommendations that take into 
account crop nutrient uptake requirements, nutrients limiting crop productivity and 
additional sources of nutrients are essential for ensuring balanced fertilization (Cisse, 
2007). Proper application of recommended quantities of fertilizer in synchrony with 
plant uptake patterns (Buresh and Witt, 2007; Reetz, 2016) and right crop agronomic 
practices are also essential for efficient use of fertilizers for crop productivity 
intensification.  
1.2.1 Fertilizer use in smallholder cropping systems of sub-Saharan Africa 
 
Fertilizer use in smallholder cropping systems of SSA has been characterised by low 
mean annual application rates (Sattari et al., 2012; Minot and Benson, 2009) below those 
required for optimum crop production and maintenance of soil fertility. Resulting 
nutrient limitations following soil fertility depletion have been identified as the principal 
cause of the large gap between potential and actual crop yields on smallholder farms 
(Tittonell et al., 2005a; Adediran and Banjoko, 1995). Subsequently, increased fertilizer 
use was identified as the key avenue for raising crop productivity in smallholder systems 
of SSA (Africa Fertilizer Summit, 2006). This led to the revival of large-scale fertilizer 
subsidy programs in a growing number of SSA countries (Jayne et al., 2018), resulting 
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in increasing fertilizer application rates (Sheahan and Barrett, 2017), compared to a 
mean value of 13 kg ha-1 reported a decade ago (Minot and Benson, 2009). The increase 
in fertilizer use has however not translated into substantial increases in crop 
productivity, with mean yields of important crops still low (FAO, 2018a). This has been 
related to substantially lower mean crop yield responses on smallholder farms compared 
to large responses often observed on research stations (Jayne et al., 2018) where most 
fertilizer recommendations are developed. Low mean crop yield responses to fertilizer 
applications result from large and unpredictable variations in crop yield response to 
fertilizer application between and within farms (Burke et al., 2017; Kihara et al., 2016; 
Vanlauwe et al., 2006). Such variations negatively affect strategies aimed at crop 
productivity intensification based on increased fertilizer use, as farmers are hesitant to 
adopt higher fertilizer application rates when benefits are perceived to be low and/or 
uncertain (Marenya and Barrett, 2009; Xu et al., 2009). Crop productivity intensification 
on existing farms based on increased fertilizer use to address nutrient deficiencies is 
therefore still elusive, and food security in SSA remains a concern. Improved 
understanding of patterns and drivers of crop yield variations to fertilizer use within 
smallholder farming systems is required for sustainable crop productivity intensification 
based on increased fertilizer use.  
1.2.2 Variations in crop yield response to fertilizer applications  
 
Variations in crop yield responses to fertilizer applications between and within farms 
have been attributed to the spatial heterogeneity of many smallholder farms in terms of 
soil quality (Tittonell et al., 2008b; Giller et al., 2011). At the regional level, differences 
in soil quality are related to differences in geomorphology, local climate and vegetation 
(Deckers, 2002; Smaling et al., 1993). Between farms, differences in access to nutrient 
resources result in strong differences in soil fertility over time (Giller et al., 2006; 
Tittonell et al., 2005b). Within farms, inadequate quantities of fertilizer and manure 
resources often lead to preferential allocation of nutrients to fields close to the 
homestead resulting in strong differences in soil fertility based on distance from the 
homestead (Zingore et al., 2007a; Tittonell et al., 2005b). Initial differences in soil 
quality within farms are also further reinforced following farmers’ prioritization of crop 
and soil management in fields within their farms perceived to be more fertile (Tittonell 
et al., 2008b).  
Observed strong differences in soil quality between and within smallholder farms in 
SSA imply the need for fertilizer recommendations that account for the spatial 
heterogeneity in these farms. Current fertilizer use recommendations in most of SSA 
fail to account for this heterogeneity. For example, in Kenya fertilizer recommendations 
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for maize production are based on regional soil surveys based on administrative 
boundaries (NAAIAP, 2014). In Zimbabwe, fertilizer recommendations are linked to 
agro-ecological zones that are principally delineated based on rainfall, despite large 
variability in soils over short distances (Zingore et al., 2007a). On-farm studies in 
western Kenya and eastern Zimbabwe have however demonstrated the strong influence 
of differences in soil quality on maize yield response to fertilizer N, P and K applications 
(Vanlauwe et al., 2006; Kurwakumire et al., 2014). By untangling such yield response 
patterns, it is possible to develop more targeted fertilizer recommendation practices, 
resulting in enhanced crop productivity in the face of heterogeneity in soil quality. For 
example Giller et al. (2011) showed that the broad heterogeneity of fields in SSA can 
be summarised into three categories (i.e. fertile non-responsive fields, responsive fields, 
and infertile non-responsive fields), with distinct fertilizer recommendation practices 
required to maintain and/or restore the productivity of fields in each of the categories. 
This indicates that detailed understanding of the magnitude and frequency of yield 
response patterns to fertilizer applications over space and time can help to substantially 
fine-tune current fertilizer recommendation to account for spatial heterogeneity.  
1.3 Study rationale and objectives 
 
Large variations in crop yields’ response to fertilizer applications on smallholder farms 
of SSA limit crop productivity intensification efforts based on increased fertilizer use. 
Improved fertilizer use recommendations that account for the strong spatial 
heterogeneity in smallholder farming systems of SSA are necessary if substantial 
improvements in crop productivity based on increased fertilizer use are to be achieved. 
Earlier studies have quantified the magnitude of crop yield responses to fertilizer 
applications in smallholder farms of SSA (Vanlauwe et al., 2006; Wopereis et al., 2006; 
Zingore et al., 2007b), and developed proposals for fertilizer management based on 
observed soil response categories (Giller et al., 2011). However, given that soil quality 
is a dynamic function, it is expected that initially observed response patterns will change 
over time based on nutrient management practices imposed and cropping intensity. For 
example, soils initially observed to be fertile non-responsive may over time require 
larger fertilizer applications beyond those required for maintenance of soil fertility due 
to declining soil nutrient stocks. There is therefore need to additionally account for 
expected changes in yield response patterns over time, if improved fertilizer 
recommendations are to be sustainable. Information on such response patterns is 
however lacking. Further, there is limited information on the specific contribution of 
soil and management factors on crop yield response to fertilizer application at the field 
level. Multiple season on-farm studies evaluating changes in crop yield and soil nutrient 
Chapter 1 
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stocks following varied nutrient application regimes on heterogeneous farms offer the 
most straightforward way of quantifying spatial-temporal variations in yield responses 
and soil quality. Comparison of observed patterns with predictions from simulation 
models also offers an opportunity to further improve on model predictions, allowing for 
more refined predictions of expected long-term patterns. In light of this, this study 
mainly aimed at providing a detailed quantification and explanation of the magnitude 
and spatial-temporal patterns of crop yield responses to nitrogen (N), phosphorus (P) 
and potassium (K) applications in heterogeneous farms varying in soil quality. Specific 
objectives were to: 
i. Assess the variability, magnitude and spatial-temporal patterns of maize yield 
responses to N, P and K application in smallholder fields in an intensively farmed 
area of western Kenya (Chapter 2).  
ii. Identify and quantify the specific contribution of the key soil and management 
factors causing variability in maize yield response to fertilizer N, P and K 
application (Chapter 3). 
iii. Evaluate the ability of simplified decision support tools to predict expected maize 
yield response to fertilizer application under highly variable field conditions 
(Chapter 4). 
iv. Assess patterns of changes in crop productivity and soil nutrient stocks following 
balanced fertilizer application on soils with imbalanced and depleted soil nutrient 
stocks (Chapter 5). 
1.4 Study area and research methodology 
 
This study was conducted in Siaya county in the highlands of western Kenya. The 
highlands of western Kenya support one of the densest rural populations in SSA (Jayne 
and Muyanga, 2012; Vanlauwe et al., 2006). Crop production takes place on small farms 
(Jayne and Muyanga, 2012), and mainly involves cultivation of maize (Zea mays L.), 
the key staple crop in western Kenya (Place et al., 2006). Agroecological potential for 
crop production is high due to a bimodal rainfall regime and relatively deep soils 
dominated by clay and loam textures (Tittonell et al., 2008b). Continuous cropping with 
minimal or no nutrient inputs has however led to strong nutrient depletion (Soule and 
Shepherd, 2000; Shepherd et al., 1995), resulting in widespread poor soil fertility 
(Tittonell et al., 2005b). Subsequently, despite water limited yields of 12 t ha-1 and 8 t 
ha-1 in the long and short rainy seasons respectively, actual maize yields on majority of 
smallholder farms in western Kenya are low at about 1.9 t ha-1 (GYGA, 2019). This has 
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resulted in large yield gaps, and low maize self-sufficiency (Tittonell et al., 2005a). The 
western Kenya region is also characterized by large within and between farm 
heterogeneity in soil fertility (Tittonell et al., 2005b). This region is broadly 
representative of other east African highlands with comparable soil types, climate and 
demography (Braun et al., 1997), presenting the scope for applicability of findings over 
large areas.  
The study used a combination of multi-locational on-farm experiments conducted in 
three phases over eleven consecutive cropping seasons. Phase 1 of the experiment 
comprised of nutrient omission trials established on 23 different farmers’ fields with no 
replication. This experiment ran for seven consecutive seasons (long rainy season of 
2013 to long rainy season of 2016). Phase 2 of the experiment was established after the 
end of Phase 1, and included 17 farms previously under Phase 1 after 6 farms dropped 
from the study. Phase 2 included two sets of experiments namely Phase 2-NPK, and 
Phase 2-NOT. In Phase 2-NPK, balanced NPK experiments were established on 13 
farms previously under nutrient omission trials in Phase 1. In Phase 2-NOT, 
superimposed nutrient omission experiments were established on the remaining 4 farms. 
Experiments in Phase 2 ran for four consecutive seasons (short rainy season of 2016 to 
long rainy season of 2018). 
1.5 Thesis outline  
 
This thesis is composed of six chapters. This chapter presents the general background 
to the study of problems facing crop production in smallholder farming systems of SSA, 
and the potential role of fertilizer use in intensifying crop productivity in these farming 
systems. Chapter 2 uses maize yield data from Phase 1 of the experiment to assess and 
quantify spatial-temporal patterns of maize yield response to fertilizer applications. 
Chapter 3 uses maize yield, nutrient uptake, soil analysis and socio-economic data from 
experiments in Phase 1 to identify and quantify the key field level factors driving 
variability in maize yield response to fertilizer applications. In Chapter 4, maize yield, 
nutrient uptake and soil analysis data from the last season of Phase 1 is used to assess 
the accuracy of the Quantitative Evaluation of the Fertility of Tropical Soils (QUEFTS) 
model in predicting maize yield response to balanced and imbalanced fertilizer 
application under highly variable farm conditions. Chapter 5 uses data from experiments 
in Phase 2 to assess patterns of changes in crop productivity and soil nutrient stocks 
following balanced fertilizer application on soils with imbalanced and depleted soil 
nutrients. In Chapter 6, findings from Chapters 2 – 5 are integrated to develop insights 
for sustainable maize productivity intensification on smallholder farms of SSA based on 
enhanced fertilizer use. 
Chapter 1 
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Strong spatial-temporal patterns in maize yield response to nutrient additions in African 
smallholder farms  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is published as: 
Njoroge, S., Schut, A.G.T., Giller, K.E., Zingore, S., 2017. Strong spatial-temporal 
patterns in maize yield response to nutrient additions in African smallholder farms. Field 
Crops Research 214, 321-330. 
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Abstract  
Large variability in crop responses to macronutrient application at various spatial scales 
present challenges for developing effective fertilizer recommendations for crop 
production in smallholder farming systems of sub-Saharan Africa. We assessed maize 
yield responses to nitrogen (N), phosphorus (P) and potassium (K) application and 
evaluated relationships between crop responses to N, P and K application and soil 
analysis data. Nutrient omission trials were conducted on 23 farms located in Sidindi, 
western Kenya, selected to be representative of the main soil and management factors 
in maize based systems in Siaya County. Treatments included a control and PK, NK, 
NP and NPK applications. The trials ran for six consecutive cropping seasons, without 
changing treatments or plot location, covering the period 2013–2015. Strong spatial-
temporal patterns in maize yield responses to N, P and K applications were observed. 
Average maize yields in the control, PK, NK, NP and NPK treatments were 2.8, 3.2, 
5.1, 5.1 and 5.5 t ha-1 at 88% dry matter respectively in the first cropping season, and 
1.1, 1.4, 2.9, 3.6 and 5.3 t ha-1 at 88% dry matter respectively in the sixth cropping 
season. In all seasons, variability in maize yield between fields was greatest in the 
control treatment followed by the NK treatment and least in the NPK treatment. Mean 
relative yield was 0.6, 0.92 and 0.93 for N, P and K respectively, in the first cropping 
season, and 0.25, 0.52 and 0.68, respectively, in the sixth cropping season. Six main 
maize yield response categories were identified that differed in observed maize grain 
yield responses to recursive N, P and K applications. Maize yield responses to N, P and 
K were not fully accounted for by soil organic matter, soil available P and exchangeable 
K respectively. Our results indicate that current methods for soil analysis do not 
adequately predict the response to application of N, P and K fertilizer under the highly 
variable soil fertility conditions encountered in smallholder farming systems. The strong 
spatial-temporal patterns observed present major challenges for the development of 
effective site-specific fertilizer recommendations. Potential avenues for future research 
and options for more effective intensification strategies are discussed. 
 
Key words: Soil fertility variability, nutrient omission trials, relative yield, sub-Saharan 
Africa 
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2.1 Introduction 
 
Crop production in smallholder systems in sub-Saharan Africa (SSA) is strongly limited 
by poor soil fertility that results from continuous cropping with little or no nutrient 
replenishment (Kihara et al., 2015; Sanchez, 2002), with an average fertilizer 
application rate of 13 kg ha-1 (Minot and Benson, 2009). Soil deficiencies of 
macronutrients are widespread in the region, with negative nutrient balances reported 
for nitrogen (N), phosphorus (P) and potassium (K) in most parts of SSA (Xu et al., 
2014). As a result, the yields obtained by farmers using local practices of important food 
crops in the majority of smallholder farming systems in SSA are far below the attainable 
yield (Van Ittersum et al., 2016) resulting in yield gaps, defined as difference between 
actual and potential yields under rainfed conditions without nutrient deficiency, pest or 
diseases (Van Ittersum and Rabbinge, 1997). In the last decade for SSA, actual rainfed 
maize yields ranged from 1.2 to 2.2 t ha-1, representing only 15-27% of the potential 
yield under rainfed conditions (Van Ittersum et al., 2016). Consequently, SSA has been 
identified as one of the regions in the world with the lowest cereal sufficiency ratio 
defined as the ratio between domestic production and total consumption (Van Ittersum 
et al., 2016).  
Given that up to 75% of the population in SSA depend directly or indirectly on 
agriculture as a livelihood source (Sanchez et al., 2007; Nziguheba et al., 2010), the 
sector’s large contribution to the overall economy (Diao et al., 2010), and the projected 
decrease in cereal self-sufficiency over time (Van Ittersum et al., 2016), agricultural 
intensification is urgently needed (Tittonell and Giller, 2013). Considerable ‘low 
hanging’ opportunities exist for intensification of production of major cereals in SSA 
(Mueller et al., 2012) when N, P and K deficiencies are addressed (Adediran and 
Banjoko, 1995). Since the launch of the Alliance for Green Revolution in African 
(AGRA) in 2006 (AGRA, 2017), and the recommendations of the Africa fertilizer 
summit of 2006 (Africa Fertilizer Summit, 2006), a number of research programmes 
have focused on intensification of crop productivity in smallholder farming systems in 
SSA (Chikowo et al., 2014). Although fertilizer use has increased in a number of 
countries in SSA, its use efficiency remains low due to poor crop management practices 
(Byerlee et al., 2007; Sheahan and Barrett, 2014), the predominance of inherently low 
fertility sandy soils (Bationo et al., 2012a), and unbalanced blanket fertilizer 
recommendations that do not address the complexity of smallholder farming systems 
(Giller et al., 2011; Chikowo et al., 2014). Further, the occurrence of “non-responsive 
soils” where application of available fertilizers does not result in increased crop 
productivity (Vanlauwe et al., 2010) has an additional adverse effect on fertilizer use 
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efficiency. Such non-responsiveness may be due to a range of factors including macro- 
and micronutrient depletion, poor germination due to slaking or top-soil erosion, 
aluminium toxicity in relation to soil acidification and increased sensitivity to drought 
conditions (Vanlauwe et al., 2015; Tittonell and Giller, 2013). As a result, crop 
productivity intensification programmes in SSA have faced large variations in yield 
responses to applied nutrients at farm and field scales (Tittonell et al., 2008b; Vanlauwe 
et al., 2006). This raises the need for fertilizer recommendations that are tailored for 
specific farm and field conditions (Smaling et al., 1992; Tittonell et al., 2008a). 
Although, inherent soil fertility is related to soil forming factors including 
geomorphology, local climate and vegetation (Deckers, 2002; Smaling et al., 1993), 
cropping intensity and past soil management have been identified as major drivers of 
variability (Tittonell et al., 2005b). The centripetal net transport of nutrients by animals 
also results in strong gradients at landscape level (Van Keulen and Breman, 1990). The 
strong effects of management often result in patterns of decreasing soil fertility with 
increasing distance from homesteads within farms (Zingore et al., 2007a; Tittonell et 
al., 2005b) and decreasing soil fertility with decreasing resource availability and use 
among farms (Giller et al., 2006; Tittonell et al., 2005b). Consequently, regions and or 
farms with similar inherent soil fertility may over time develop strong heterogeneity in 
soil fertility and associated responses to macronutrients (N, P and K) applications. There 
is a paucity of information on both spatial and temporal patterns of such responses. 
Spatial-temporal patterns refer to differences in the dynamics of crop yield responses to 
macronutrients applications in an area with similar climatic conditions. This is because 
most nutrient management technologies were developed at research stations without 
sufficiently acknowledging the complexity of farming systems (Chikowo et al., 2014). 
Such information would help to target the right fertilizer and application rates to specific 
crops and locations and improve the efficiency of fertilizer use (Kihara et al., 2016). 
Further, understanding the relationships between spatial-temporal responses to 
macronutrients application and soil analysis results would help in quantifying the value 
of soil analysis, which is considered an important component of restoring and managing 
soil fertility in smallholder farming systems (Sanginga and Woomer, 2009). Controlled 
experiments in a series of heterogeneous farmers’ fields therefore offer the most 
conceptually straight forward way to study spatial temporal variations in responses to 
macronutrients (Lobell et al., 2009; Vanlauwe et al., 2006). Further insight on the 
magnitude, and consistency of observed spatial temporal patterns over time can then be 
achieved using cluster analysis (Perez-Quezeda et al., 2003). Cluster analysis allows for 
the grouping of fields showing similar responses over time into distinct classes (Fridgen 
et al., 2004), and was used effectively to identify various classes of nutrient response 
patterns in smallholder farming systems in SSA (Kihara et al., 2016).  
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The specific objectives of this study were to: (i) assess the magnitude and spatial-
temporal patterns of maize yield responses to N, P and K application; (ii) identify and 
characterize clusters of farms with similar yield response patterns to N, P and K; (iii) 
assess the utility of soil chemical properties in predicting maize responses to N, P and 
K application. We hypothesize that patterns of crop responses to N, P and K fertilization 
over a combination of space and time in heterogeneous farms provide an important basis 
for developing site-specific fertilizer recommendations. 
2.2 Materials and methods  
2.2.1 Study site 
 
The study was conducted in Sidindi, western Kenya. A 10 km by 10 km site previously 
used to collect soil mapping data under the African Soil Information Services (AfSIS) 
project (http://africasoils.net) was selected. The site is centred at a latitude of 0.15 oN, a 
longitude of 34.4oE and at about 1240 metres above sea level. Annual rainfall ranges 
from 1600 – 2000 mm and is distributed over two distinct seasons with a long rains (LR) 
season from March to July and short rains (SR) season from September to December. 
Maize is the main staple food crop and is cultivated on more than 80% of the crop area 
in western Kenya (Place et al., 2006). Despite water limited yields (Yw) which refers to 
the yield achievable in farmer’s fields with best nutrient, pest, and crop management 
practices under rainfed conditions (Van Ittersum et al., 2013) of 12 t ha-1 and 8 t ha-1 in 
the long and short rains seasons respectively, actual maize yields on majority of 
smallholder farms in western Kenya are low at about 1.9 t ha-1 (Van Ittersum et al., 
2016). The area is also characterized by large within and between farm heterogeneity in 
soil fertility (Tittonell et al., 2005b).  
2.2.2 Selection of trial sites 
 
On-farm nutrient omission trials were established in 2013 across 24 sites representative 
of major soil units in the study area. Selection of trial sites was conducted on the basis 
of a previous survey conducted by the AfSIS project (http://africasoils.net) that collected 
socio economic and agronomic data from 300 farmers within the study site (data not 
shown). From this survey, stratified random sampling was conducted to select an initial 
sample containing 48 farms representative of the study area based on land size, socio-
economic characteristics and soil type.  
From this sample, eight fields within each of the three sub-locations in the study area 
namely Sirembe, Malanga, and Ndere were selected based on the availability of land for 
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trial set-up to make a total of 24 fields. Seasonal rainfall data in each of the sub-locations 
was collected using rain gauges located at each of the sub-locations. The experiments 
were conducted for six consecutive cropping seasons in 2013 – 2015. 
 
2.2.3 Site characterization 
 
Prior to the establishment of the trials, the position of each field was determined using 
a Global Navigation Satellite Systems receiver (Etrex 20, Garmin Limited, Chicago 
USA). Soil samples were collected from four points within each field using a ‘Y frame 
sampling approach’ at a 0-20 cm depth. Collected samples were then placed in a basin, 
thoroughly mixed and a composite sample obtained. Composite samples from each field 
were then air dried and passed through a 2 mm sieve before chemical analysis at Crop 
Nutrition Laboratories in Nairobi. Available P and exchangeable bases (calcium, 
magnesium, K and sodium) were determined after a Mehlich 3 extraction (Mehlich, 
1984), while soil organic matter (SOM) was determined using the Walkley-Black 
method (Robinson, 1993). Soil pH was determined in water, while soil texture was 
determined using the hydrometer method after adding a dispersing solution to a 50 g 
sample of soil (Bouyoucos, 1962).  
 
Fig. 2.1: Cumulative average rainfall in the long rainy (LR) and short rainy (SR) seasons of 2013 - 
2015. 
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2.2.4 Experimental treatments and management 
 
The first set of nutrient omission experiments was established in early April 2013 at the 
onset of the long rainy season. The experiment included a set of five treatments to assess 
maize response to N, P and K application including a control, P+K, N+K, N+P and 
N+P+K treatments established in plots measuring 10 m by 10 m (Table 2.1) replicated 
in 24 farms with each farm serving as a complete block. N was applied in the form of 
urea in three equal splits; at planting, at three weeks after emergence and at six weeks 
after emergence. The P and K fertilizers were applied at planting in the form of triple 
super phosphate (TSP) and muriate of potash (KCl) respectively. Trial plot locations 
and allocated treatments remained the same throughout the study period.  
Each season, fields were prepared about two weeks before seeding by tilling to a depth 
of approximately 20 cm using hand hoes. Remaining crop residues from the previous 
season were removed prior to tilling, reflecting normal farmer practice. Throughout the 
experimental period, the short-season maize variety DK8031 was planted at the 
recommended spacing (75 by 25 cm) to give 53,333 plants ha-1 after thinning. Two seeds 
were planted per planting station and thinned to one at two weeks after emergence. All 
plots were manually weeded at three and six weeks after emergence.  
 
2.2.5 Yield data collection 
 
At physiological maturity, all maize plants were harvested within a net plot of 2.25 m 
by 3 m including three centre rows in each plot, leaving at least 2 m on each side of the 
centre rows to minimize edge effects. The exact location of the net plot was chosen such 
that the net plot was visually representative of general growth conditions within the 
centre rows. After harvesting, total plant and cob numbers were recorded, and total cob 
weight determined in the field using a digital scale accurate to 2 decimal places. Grain 
Table 2.1: Treatment structure for nutrient omission trials in Sidindi, western Kenya. 
Treatment  Nutrient   
 N (kg ha-1) P (kg ha-1) K (kg ha-1) 
Control  0 0 0 
PK  0 40 60 
NK  150 0 60 
NP  150 40 0 
NPK  150 40 60 
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moisture content was determined using a moisture tester (Dickey John Mini GAC, 
Minneapolis USA). Grain yield in each plot was then expressed in 88% dry matter.  
2.2.6 Relative yield 
 
Relative yield (RY) was used as a measure of the yield responses to N, P and K and was 
determined as the ratio between nutrient limited yield and yield in the NPK plot 
(equation 1). Relative yield values <1 indicate response to the applied nutrient, while 
values >=1 indicate no response to the applied nutrient. 
 
 
𝑅𝑌𝑖,𝑗,𝑠 =
𝐺𝑌𝑖,𝑗,𝑠
𝐺𝑌𝑛𝑝𝑘,𝑗,𝑠
 
 
  
 
(1) 
 
Where; 
𝑅𝑌𝑖,𝑗,𝑠 = Relative yield in treatment plot i at field j in season s 
𝐺𝑌𝑖,𝑗,𝑠 = Grain yield in treatment plot i at field j in season s 
𝐺𝑌𝑛𝑝𝑘,𝑗,𝑠 = Grain yield in the NPK treatment plot at field j in season s 
2.2.7 Normalized yield 
 
Yield normalization was conducted to enable comparisons of plot performance with 
other plots that received the same treatment in the same season, i.e. highlighting spatial 
differences. It allows evaluation of the resilience of plot nutrient stocks over time. It also 
allows evaluation of changes in ranking of plots over time, enabling understanding of 
key factors that may identify better performing plots. Normalized yield (NY) was 
determined as the ratio between the yield for a particular treatment and season in a 
particular field and average treatment yield for that treatment across all fields in a 
particular season (Equation 2). When normalized yields are trending downwards, this 
reflects a smaller resilience when compared to other plots and when trending upwards 
it reflects a larger resilience, both indications of changing spatial patterns.  
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𝑁𝑌𝑖,𝑗,𝑠 =
𝐺𝑌𝑖,𝑗,𝑠
𝐺𝑌𝑖,𝑠̅̅ ̅̅ ̅̅
 
 
(2) 
 
Where; 
𝑁𝑌𝑖,𝑗,𝑠 = Normalized yield in treatment plot i at field j in season s 
𝐺𝑌𝑖,𝑗,𝑠 = Grain yield in treatment plot i at field j in season s 
𝐺𝑌𝑖,𝑗,𝑠̅̅ ̅̅ ̅̅ ̅ = Overall mean grain yield in treatment plot i across all fields in season s 
2.2.8 Statistical analysis  
 
The final dataset used in the analysis comprised of data from 23 fields after one field 
was excluded due to lack of yield data in the fifth and sixth season following farmer 
withdrawal from the study. The effect of treatment on grain yield in the 23 fields was 
analysed at seasonal level using a generalised linear model with grain yield as response 
variable and treatment as explanatory factor with the LME4 package available in R 
software (R Core Team, 2017). Differences in treatment means were then evaluated for 
significance using a Tukey HSD test with the package ‘agricolae’ in R and reported at a 
significance level of 0.05. To evaluate the differences in yield variation between and 
within treatments, the coefficient of variation (CV) was calculated for each treatment in 
each season (using the ‘raster’ package in R). Scatter plots of CV values and seasons 
were then constructed and regression lines fit for trend assessment.  
To assess differences in response to N, P and K, a Student t-test was used to evaluate if 
seasonal relative yield values were different from a value of 1.0. Evaluation of 
differences in response to N, P and K over time was conducted using a GLM model with 
treatment relative yield as response variable and season as explanatory factor. Frequency 
distribution plots were then used to show trends in relative yield at field level over 
seasons.  
Cluster analysis was used to identify groups of fields with similar trends in yield 
responses to N, P and K based on Euclidian distances between paired vectors including 
intercept and trend values. These were based on 6 season relative yield values for PK, 
NK, and NP treatments per field, and was conducted with the ‘GMD’ package in R 
software. This clustering method starts with one cluster per field and merges clusters 
based on squared dissimilarities between fields, using the Ward criterion (Murtagh and 
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Legendre, 2014). The clustering algorithm was set to identify the number of clusters 
which explained at least 70% of the total variation, and additional variation explained 
by adding one extra cluster was less than 10%.  
To evaluate the relationship between initial soil fertility and observed responses to N, P 
and K, seasonal RYPK, RYNK, and RYNP values were plotted against soil organic matter 
(SOM), soil available P (mg kg-1), and soil exchangeable K (cmol kg-1) respectively. 
Ensuing scatter plots were then split into four quadrants by drawing a horizontal line at 
RY= 0.95 (where values >0.95 represented no response to the nutrient under evaluation), 
and vertical lines drawn at 3%, 10 mg kg-1, and 0.2 cmol kg-1, representing average 
critical values of SOM, soil available P, and soil exchangeable K respectively, for soils 
in the region (Okalebo et al., 1993). 
2.3 Results 
2.3.1 Maize 
 
Maize yields increased significantly with nutrient application including N in all six 
seasons (Table 2.2). In all seasons, maize yield in the control treatment was similar to 
that in the PK treatment, but significantly (P<0.05) less than that in the NK, NP and 
NPK treatments. Yields in the NK, NP and NPK treatments were not significantly 
different in the first season. However, NK treatment yields were significantly smaller 
than NPK treatment yields in all five subsequent seasons and in the last season for the 
NP treatment (Table 2.2). Yields in the NK treatment declined over the seasons from 
5.1 to 2.9 t ha-1. In the NPK treatment, yields in the long rainy seasons were at least 0.4 
t ha-1 higher than in corresponding short rainy seasons (Table 2.2).  
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2.3.2 Variability in grain yield responses  
 
On average, variability was greatest in the control treatment followed by the NK 
treatment and least in the NPK treatment (Fig. 2.2). Variability remained constant for 
NPK but increased significantly (P<0.05) for only Control and NP. A decrease in 
variability in season five when compared to the trend was observed for all treatments 
except NPK which showed an increase in variability (Fig. 2.2).  
Table 2.2: Average maize grain yield in t ha-1 at 88% dry matter for nutrient omission trials 
conducted on 23 farms in Sidindi, western Kenya. 
Treatment   Season†      
 LR 2013 SR 2013 LR 2014 SR 2014 LR 2015 SR 2015 
Control  2.8b 2.1c 2.2c 1.8c 2.2c 1.1c 
PK  3.2b 2.8c 2.7c 2.6bc 2.6c 1.4c 
NK  5.1a 3.7b 3.7b 3.3b 4.0b 2.9b 
NP  5.1a 4.1ab 4.6b 4.4a 4.6ab 3.6b 
NPK  5.5a 4.9a 5.6a 5.2a 5.7a 5.3a 
        
HSD  1.2 1.2 1.4 1.3 1.6 1.2 
Grain yield values in the same column followed by a different superscript are significantly 
different at P<0.05) 
HSD refers to honest significant difference between means and applies per column 
†LR and SR refer to long and short rainy seasons respectively 
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2.3.3 Maize grain yield responses to N, P and K applications 
 
Evaluation of mean RY values in the first season showed that only RYPK, was 
significantly less than 1 (Table 2.3), indicating a strong response to only N. However, 
in subsequent seasons responses to N, P and K were all significant as indicated by RYPK, 
RYNK and RYNP values significantly less than 1 (Table 2.3), demonstrating increasing 
yield limitations with continued cropping without application of P and K. In all six 
seasons, mean RY was in the order RYPK< RYNK< RYNP, indicating that N was the most 
limiting nutrient in the study area followed by P and K respectively.  
Seasonal trends within RY showed that only in the last season was the RYPK value 
significantly smaller than that observed in the first season, indicating minimal change in 
response to N over time (Table 2.3). RYNP values in the third, fourth and sixth seasons 
were significantly (P<0.05) smaller than for the first season, while decreases in RYNP 
were not significant over time (Table 2.3), illustrating significant temporal differences 
in P availability. 
 
 
Fig. 2.2: Scatter plots of coefficient of variation in treatment maize grain yield and seasons in 
nutrient omission trials conducted with a single complete replicate block per farm (n = 23) in 
Sidindi, western Kenya. Solid and dashed lines are fitted linear regression lines. Seasons 1-6 
refer to LR 2013, SR 2013, LR 2014, SR 2014, LR 2015 and SR 2015 respectively. 
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The frequency distribution of relative yield over the six cropping seasons is shown in 
Figure 2.3. Differences in responses to N, P and K between fields in a season were 
observed as well as differences in field’s responses to a particular nutrient across seasons 
(Fig. 2.3). In the first season, strong responses to N (RYPK <0.5) were observed in 29% 
of fields. In the subsequent five seasons, the percentage of fields strongly responsive to 
N (RYPK <0.5) increased to 48, 57, 57, 61 and 96% respectively. For P, only 4% of fields 
showed a strong response to P (RYNK <0.5) in the first season. In the subsequent five 
seasons, 22, 30, 35, 26 and 43% of fields were strongly responsive to P (RYNK <0.5) 
respectively. RYNP values in the first season indicated that only 4% of fields where 
strongly responsive to K (RYNP < 0.5). The proportion of fields showing strong response 
to K (RYNP < 0.5) in subsequent seasons was 17, 13, 9, 13, and 30%. Although the 
proportion of fields responsive to P and K were comparatively smaller than those 
responsive to N, the effects of P and K omission in deficient fields were very strong with 
yields losses of up to 80% relative to the NPK treatment in some of these farms, 
particularly from the second cropping season onwards (Fig. 2.3b, 2.3c, 2.3d, 2.3e and 
2.3f). 
 
 
 
 
 
Table 2.3: Within and between season differences in relative maize grain yields for nutrient omission 
trials conducted on 23 farms in Sidindi, western Kenya. 
Relative 
Yield† 
 Season‡        
 LR 2013 SR 2013 LR 2014 SR 2014 LR 2015 SR 2015 HSD 
          
RYPK  0.61a 0.60a 0.48a 0.53a 0.49 a 0.25 b  0.20 
RYNK  0.93a 0.73ab 0.64b 0.59 b 0.70 ab 0.52 b  0.28 
RYNP  0.94 0.80 0.79 0.84 0.80 0.68  0.27 
Values in bold are not significantly different from a value of 1 
Values in the same row followed by a different superscript are significantly different at P<0.05  
†RYPK, RYNK and RYNP are the ratios between mean PK, NK and NP treatment yield, and mean NPK 
treatment yield in a particular season respectively. 
‡LR and SR refer to long and short rainy seasons respectively 
HSD refers to honest significant difference between means and applies per row 
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2.3.4 NPK response clusters  
 
Six clusters with high internal homogeneity explaining 75% of total variation in yield 
trends (not shown), were identified to categorize fields in the study area into N, P and K 
response classes (Fig. 2.4). Clusters clearly differed in RY of control plots and NPK 
response (Fig. 2.4). Overall, RYPK declined over time for all clusters, while RYNK 
declined over time in 5 out of 6 clusters indicating increased deficiency of N and P due 
to nutrient mining (Fig. 2.4b and 2.4c). However, clusters RYPK converged, while RYNK 
diverged over time (Fig. 2.4b and 2.4c), indicating differences in response patterns 
between nutrients over time. Negative trends in RYNK for clusters 2, 3, 4 and 6 indicated 
limited P stocks (Fig. 2.4c). However, declines for clusters 2 and 4 stabilised from 
 
Fig. 2.3: Frequency distribution plots showing relative maize grain yield RYPK, RYNK and RYNP in 
nutrient omission trials conducted with a single complete replicate block per farm (n = 23) in 
Sidindi, western Kenya in: (a) long rains 2013; (b) short rains 2013; (c) long rains 2014; (d) short 
rains 2014 seasons; (e) long rains 2015; and (f) short rains 2015 seasons respectively. RYPK, RYNK 
and RYNP are the ratios between PK, NK and NP treatment yields and NPK treatment yield 
respectively. 
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season 3 onwards (Fig. 2.4c). RYNK for cluster 1 did not show strong trends at levels of 
about 0.75, indicating P deficient conditions with resilient P stocks (Fig. 2.4c). A 
negative RYNP trend in cluster 1 indicates an increasing K deficiency, while clusters 1 
and 4 were somewhat deficient, although deficiency did not increase much over the 
seasons (Fig. 2.4d). The strongest response to K supply was observed for fields in cluster 
6, and fields in clusters 1, 2 and 4 also benefited from K supply, as shown by RYNP 
values below 1.0 for most seasons (Fig. 2.4d). Cluster 5 included four farms with low 
relative yield values for the control and PK treatments, while relative yields in the NK 
and NP treatments were around 1.0 in all seasons indicating N deficiency while P and 
K supply was sufficient for all seasons (Fig. 2.4a, 2.4b, 2.4c and 2.4d).  
 
Consistency of spatial patterns was evaluated using normalized treatment yields (Fig. 
2.5). A large range in NY values and consistent differences between clusters were 
observed for control, PK, and in particular NK treatment yields, indicating strong and 
persistent spatial yield patterns. The range in NY values for the NPK treatments was 
much smaller (Fig. 2.5b). This illustrates that spatial differences between trend clusters 
were mainly driven by differences in field P availability (Fig. 2.5a, 2.5c, 2.5d and 2.5e), 
and amendments with NPK reduce spatial variability.  
 
Fig. 2.4: Seasonal trends in relative yields (RY) per cluster for: (a) control; (b) PK; (c) NK; and (d) 
NP treatments respectively. Seasons 1-6 refer to LR 2013, SR 2013, LR 2014, SR 2014, LR 2015 
and SR 2015 respectively. ‘RYC’, ‘RYPK’, ‘RYNK’ and ‘RYNP’ are the ratios between control, PK, NK 
and NP treatment yields and NPK treatment yield respectively. 
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To assess if yields in unfertilized plots would be a good predictor for the response to 
NPK, seasonal relative control, PK, NK and NP treatment yields were plotted against 
seasonal normalized control yields (Fig. 2.6). Normalized control treatment yields were 
shown to provide a good indicator of the response to combined NPK application, with 
farms with high control yields showing a weaker response to combined NPK application 
(Fig. 2.6). Control yields were however less informative for responses to other 
treatments. The range of normalized control yields increased over time indicating 
increasing differences in nutrient depletion rates in the various fields over time (Fig. 
2.6). 
 
 
Fig. 2.5: Seasonal trends in normalized yields (NY) per cluster for: (a) control; (b) NPK; (c) PK; 
(d) NK; and (e) NP treatments respectively. Seasons 1-6 refer to LR 2013, SR 2013, LR 2014, 
SR 2014, LR 2015 and SR 2015 respectively. ‘NYC’, ‘NYPK’,‘NYNK’, ‘NYNP’ and ‘NYNPK’ are the 
ratios between field level control, PK, NK, NP and NPK yield and seasonal means of control, PK, 
NK,NP and NPK yield respectively. 
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2.3.5 Relationship between soil fertility and responses to NPK 
 
All fields in the experiment had a sandy loam, sandy clay loam or sandy clay texture, 
with contents ranging from 16.5 – 38.5 % clay, 6.2 – 19.8 % silt and 48.0 – 77.2% sand. 
Response to N was weakly related to soil SOM content (Fig. 2.7a). The majority of RYPK 
values were within the N deficiency range across the extent of soil organic matter values 
(Fig. 2.7a). At low available P values (<10 mg kg-1 P) response to P was weakly related 
to available P with low and high RYNK values observed across the range of available P 
values (Fig. 2.7b). However, at larger available P values (>10 mg kg-1 P) RYNK values 
indicated minimal P deficiency across the six seasons study period (Fig. 2.7b). 
Responses to K varied greatly over the range of exchangeable K values measured, with 
some high RYNP values observed at low exchangeable K values, and low RYNP values 
observed at higher exchangeable K values (Fig. 2.7c). However, the majority of RYNP 
 
Fig. 2.6: Relative yields (RY) of control, PK, NK and NP treatments versus normalized control 
treatment yields (NYc) for fields in the identified clusters. LR and SR refer to long and short rains 
seasons respectively. 
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values indicated K sufficiency conditions. Mean soil properties did not show significant 
differences between clusters (not shown). 
 
2.4 Discussion  
 
The observed maize yield responses to the applied N, P and K combinations were highly 
variable over space and time, confirming the strong effects of the variability in soil 
fertility on maize productivity and nutrient requirements. N was deficient on most farms, 
while the responses to P and K application varied strongly across farms. Temporal 
differences in response to N were weak as illustrated by the minimal change in mean 
RYPK over time, and the gradual decline in RYPK observed for most clusters. Spatial 
differences in response to N also decreased over time as illustrated by the observed 
convergence in RYPK for the different response clusters over time. The widespread N 
deficiency can be linked to the relatively low soil organic matter contents resulting from 
continuous cropping without legumes and very limited application of fertilizer N or 
manure (Tittonell et al., 2005b; Shepherd and Soule, 1998). Combined application of 
fertilizer N with organic resources (Vanlauwe et al., 2011) and rotation of cereal crops 
with legumes (Tully et al., 2015) can help farmers in this region improve the N status 
of their farms across the response clusters. Given the minimal spatial-temporal 
differences in response to N observed, we expect minimal improvements in nitrogen use 
 
Fig. 2.7: Relationships between: a) soil organic matter content (%) and relative PK treatment yield 
(RYPK); b) soil available P (mg kg-1) and relative NK treatment yield (RYNK); and c) soil 
exchangeable K (cmol kg-1) and relative NP yield (RYNP), across 23 fields in four consecutive 
cropping seasons in Sidindi, western Kenya. Horizontal dotted lines represent relative yield = 0.95, 
while vertical dotted lines represent critical values for respective soil properties. 
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efficiency when accounting for differences in spatial temporal responses to N between 
farms in the Siaya region.  
Large relative NK yields indicated that maize yield response to applied P was not 
significant in the first season. This was likely due to some residual effect of P applied in 
previous seasons, as P applied as fertilizer or manure that is not taken up by the crop is 
released slowly to succeeding crops (Janssen et al., 1987; Kifuko et al., 2007). The 
presence of clusters with large differences in the response to applied P, and the large 
variability in NK treatment maize yields that we observed indicates differences in P 
fertility status of the soil, reflecting differences in historical field management and 
farmer resource endowment (Vanlauwe et al., 2006). However, residual P was only 
effective over a short period of time, with more farms showing stronger responses to P 
over time. This shows that resilience of soil P stocks in these fields is limited. Omitting 
P for more than one season resulted in significant and progressively smaller yields when 
compared to P fertilized plots. The small rates of fertilizer applied by smallholder 
farmers in western Kenya are insufficient to build soil P availability that can support 
high maize yield for multiple seasons (Kamiri et al., 2011; Kihara and Njoroge, 2013). 
Judicious and regular application of P, whether seasonally or every second season based 
on observed response clusters can therefore assist farmers to sustain productivity.  
Strong spatial-temporal patterns in response to K were observed. Two out of 23 fields 
showed very strong response to K, while declining relative yields for the NP treatment 
were observed in Clusters 1, 2 and 4 which included 65% of fields in the study area. 
Further, K deficiencies are expected to become more pronounced at higher N and P 
application rates. These findings are in contrast to current fertilizer recommendation for 
the Siaya region which assume sufficient K reserves (FURP, 1994), and could be related 
to the presence of localized K deficiency hotspots (Kihara et al., 2016), and continuous 
removal of harvest products without application of mineral K (Chianu and Mairura, 
2012; Zörb et al., 2014). Crop productivity intensification strategies based on increased 
fertilizer application should therefore be cognisant of the need to supply K in 
combination with N and P, even in regions that are traditionally considered to be mainly 
deficient in N and P, such as western Kenya. Targeted application of K fertilizer to K 
deficiency hot spots is also recommended (Kihara et al., 2016). 
The assessment of soil nutrient status has been identified as a key starting point in the 
process of restoring and managing soil fertility (Sanginga and Woomer, 2009). Soil 
available P following Mehlich-3 extraction has been found to reliably estimate plant 
available soil P levels (Mehlich, 1984), while soil exchangeable K is usually used as the 
basis for K fertilizer recommendations (Madaras and Koubová, 2015; Zörb et al., 2014). 
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However, soil organic matter, soil available P, and soil exchangeable K related weakly 
to responses to N, P and K respectively. Weak relationships were previously reported 
by Vanlauwe et al. (2006), with soil total N explaining only 27% - 44% of the response 
to N, while crop yield response to P did not increase beyond an Olsen-P value of 8 mg 
kg-1. In the same study area, Tully et al. (2015) observed large variation in maize yields 
between 24 farms despite largely similar soil physical and chemical properties between 
farms. Working across various sites in SSA, Kihara et al. (2016) reported minimal 
variation in exchangeable Mehlich K despite strong responses to K in some sites, while 
soil organic carbon (SOC) was not a defining factor for different nutrient response 
classes observed. Given that soil analysis data was weakly related to the observed 
differences in responses to applied N, P and K, the merit of deriving fertilizer 
recommendations based solely on field-level soil analysis can be questioned. It is noted 
that soil analysis was only conducted at the start of the experiment and hence did not 
allow for a detailed analysis of the dynamics of soil nutrient changes and responses to 
nutrients. However, this analysis provides a fair evaluation of the value of soil analysis 
for majority of smallholder farmers as for practical reasons, most farmers will assess the 
soil P and K fertilizer status only once every few years. Results from this study indicate 
that while soil analysis may be helpful to monitor soil nutrient stocks, it does not provide 
sufficiently reliable quantitative information that can be used to adjust required inputs. 
A strategy to fertilize the soil to maintain moderate P and K stocks, balancing in- and 
outputs, while fertilizing the plant with minimum side-dress PK mix at planting and top-
dressing of N would be recommended. In addition, the restoration of soil P and K stocks 
based on the field history, including socio-economic and rock mineralogical factors is 
recommended as these factors have previously been identified as drivers of variability 
in yield response (Tittonell et al., 2008a; Zingore et al., 2011). 
Cluster analysis allowed identification of distinct N, P and K response categories that 
differed in response to fertilizer application and the resilience of soil nutrient stocks. All 
fields in this study were responsive to combined NPK fertilizer (Kihara et al., 2016; 
Zingore et al., 2007b), where the response was strongly related to yield in control plots. 
The presence of distinct N, P and K response clusters calls for site specific nutrient 
recommendations that address the observed variability. For example, based on observed 
N, P and K response patterns, improved nutrient allocation strategies based on 
differential N, P and K rates and combinations can be formulated to meet either short or 
long term crop productivity intensification objectives at the farm level. Such strategies 
can be designed using tools such as Nutrient Expert (Pampolino et al., 2012) and FIELD 
(Tittonell et al., 2010a).  
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A major challenge exists in the identification of response patterns at scale. Recent 
developments in the use of satellite data offer an opportunity to assess and quantify 
spatial heterogeneity at regional scales (Lobell, 2013; Shanahan et al., 2001). At the 
local level, farmers have shown the ability to categorize their farms into relatively 
homogenous entities using criteria such as crop performance, ease of tillage, soil 
moisture retention, soil colour and presence of weeds and soil invertebrates (Murage et 
al., 2000), and this has being suggested as key for designing strategies for improved 
crop productivity in the region (Tittonell et al., 2013).  
The consistently higher average NPK treatment yields relative to other treatment yields 
observed, coupled with the lowest variability in yield observed for this treatment 
indicates that amendment with NPK helps to reduce observed spatial-temporal 
variability. This highlights the importance of balanced nutrient management to increase 
and stabilize yield across wide-ranging soil fertility conditions. The NPK treatment 
yielded on average 0.5-1.7 t ha-1 more than the NP treatment, a significant difference in 
2 out of the 6 seasons. The main current mineral fertilizer use recommendation in the 
Siaya region of 55 kg N and 25 kg P ha-1 (FURP, 1994) needs to be revisited. Results in 
this experiment indicate that yields above 5 t ha-1 can be sustained using the short season 
cultivar, where nutrient use efficiency can be further improved when accounting for 
comparative yield levels in control plots without fertilizer application. Results in this 
study further indicated that maize yield response to combined NPK application was 
higher in long rainy seasons, illustrating that there may be room for farmers to further 
improve the efficiency of fertilizer use through fertilizer application rates based on in-
season rainfall (Kurwakumire et al., 2014; Van Ittersum et al., 2016). There is therefore 
potential for majority of farmers in the Siaya region to surpass the initial target of 3 t ha-
1 set towards achieving the African Green Revolution (Sánchez, 2010) in the face of 
variable responses to N, P and K. 
2.5 Conclusions 
 
We conclude that strong spatial-temporal differences in responses to N, P and K exist in 
smallholder farming systems in western Kenya. It is clear that current blanket fertilizer 
application rates result in low nutrient use efficiencies and may not achieve the desired 
sustainable crop productivity improvement in the region. We further conclude that 
current soil analysis techniques were not able to adequately predict the crop response 
that can be expected from N, P and K fertilizers. This raises questions whether investing 
in soil analysis alone results in better fertilizer recommendations for smallholder 
farmers, and urges for a new, more cost-effective approach. The strong spatial-temporal 
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patterns observed indicate that characterization of soil, lithological and landscape 
characteristics in combination with management history may result in a much cheaper 
and more cost-effective methodology for assessing the required N, P and K fertilizer 
applications, when mapped at the appropriate scale. Decision support tools may offer a 
feasible and cheaper alternative for the development of site-specific nutrient 
recommendations using information readily available at the farm level. In the absence 
of such strategies, balanced nutrition including N, P and K offers farmers in 
heterogeneous landscapes a lower risk intensification option that results in yields that 
can be sustained during a much longer period of time, evidenced by the relatively small 
variations in yield for the NPK treatment across fields and seasons. 
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Abstract  
The large uncertainty in yield response to fertilizer application within smallholder 
cropping systems in sub-Saharan Africa (SSA) limits efforts aimed at intensifying crop 
production based on increased fertilizer application. We assessed the key field-scale 
driver of variability in maize (Zea mays L.) grain yield response to fertilizer nitrogen 
(N), phosphorus (P) and potassium (K) in the Sidindi area of western Kenya based on 
past manure application, distance from the homestead, and clay and silt contents. We 
used data from nutrient omission trials conducted on 23 farms over seven consecutive 
cropping seasons covering the period 2013–2016, without changing treatments or plot 
location. Treatments included a control and PK, NK, NP and NPK. Accounting for past 
manure application increased the explained variability in maize yield, and yield response 
to N, P, and K application. Mean treatment maize grain yield in the control, PK, NK, 
NP and NPK treatments were 1.0, 2.2, 1.5, 2.9 and 4.5 t ha-1 at 88% dry matter 
respectively in fields without past manure application, and 2.4, 2.7, 4.4, 4.9 and 5.4 t ha-
1 in fields which had received animal manure in at least two out of three seasons prior to 
the start of the trials. Mean maize yield response to N, P and K application was 2.3, 3.0 
and 1.6 t ha-1 respectively in fields without past manure application, and 2.8, 1.1 and 0.6 
t ha-1 in fields with past manure application. In the seventh cropping season, past animal 
manure application contributed a fertilizer equivalent of 28.3, 29.8 and 31.5 kg ha-1 of 
N, P and K, respectively. At both the onset and at the start of the last season, fields with 
past animal manure application had on average higher contents of SOC, available P and 
exchangeable K, yet differences were not always significant within treatments. 
Accounting for past animal manure application reduces crop fertilizer requirements for 
P and K as well as decreasing uncertainty in yield response to fertilizer. We conclude 
that the strong influence of past animal manure application on yield response to fertilizer 
application merits the inclusion of past manure application as a co-variate in analysis of 
yield response data from smallholder cropping systems of SSA. 
 
Key words: Yield response to fertilizers, past manure application, sub-Saharan Africa  
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3.1 Introduction 
 
Increased fertilizer use is key to increase crop productivity in smallholder farming 
systems of sub-Saharan Africa (SSA) (Vlek, 1990). Yet crop yield response to fertilizer 
is highly variable across and within fields on smallholder farms even when management 
is optimal (Kihara et al., 2016; Njoroge et al., 2017b; Xu et al., 2015). At the regional 
scale, variability in yield responses to fertilizer use across smallholder farming systems 
is mainly related to differences in soil types resulting from differences in: parent 
material; climate; position of the landscape along the catena; and other factors 
influencing the soil formation process (Deckers, 2002). At local scales, variability 
among farms is mainly driven by management (Zingore et al., 2007b). Such variability 
has a substantial impact on the efficiency and profitability of fertilizer use (Vanlauwe et 
al., 2011), which may in turn influence the decisions of farmers whether or not to invest 
in fertilizer. Efforts aimed at enhancing crop productivity in smallholder farms of SSA 
should therefore be cognisant of such management-driven variability in crop response 
to fertilizers, in addition to agro-ecological conditions (Nyamangara et al., 2011). 
Contrasting effects of past management on yield response to fertilizer have been 
observed. In western Kenya, Vanlauwe et al. (2006) reported a stronger yield response 
to fertilizer applications in outfields compared with homefields. This was linked to 
gradients of decreasing soil fertility with increasing distance from the homestead 
resulting from preferential allocation of organic resources such as manure in nearby 
fields (Tittonell et al., 2005b; Vanlauwe et al., 2006). In contrast, in Zimbabwe, 
(Zingore et al., 2007b) found stronger yield responses in homefields compared with 
outfields. This was linked to severe soil degradation in the outfields due to continuous 
cropping without organic resources (Zingore et al., 2007b). Preferential allocation of 
nutrient resources to fields perceived to be more fertile by farmers at the expense of 
those perceived to be less fertile further reinforces soil fertility patterns within farms 
(Tittonell et al., 2008a), resulting in increased variability in yield response to applied 
fertilizers between fields. The studies above illustrate clearly that the available fertilizer 
resources can be employed tactically to enhance nutrient use efficiencies by resource 
constrained farmers (Kurwakumire et al., 2014; Tittonell and Giller, 2013). 
The tactical application of available fertilizer resources for enhanced nutrient use 
efficiency fits within the integrated soil fertility management (ISFM) approach which 
seeks to maximize the agronomic efficiency (AE) of applied fertilizers and improve crop 
production (Vanlauwe et al., 2015). In this approach, improvements in AE are achieved 
through adaptation of fertilizer and agronomic practices to local conditions (Vanlauwe 
et al., 2015). Extension advisors in smallholder farming systems of SSA lack decision 
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support tools to assist farmers achieve such adaptation. For the successful development 
of such tools, identification of the key factors driving variability in yield response to 
nutrient applications under a given set of field and management conditions is required.  
Results from multiple on-farm nutrient omission trials over multiple seasons on 
smallholder farms in western Kenya showed strong spatial-temporal patterns in maize 
yield response to applied N, P and K (Njoroge et al., 2017b). Observed patterns in yield 
response and the efficiency of fertilizer use could not be fully explained using soil 
analysis data (Njoroge et al., 2017b). Given the strong spatial-temporal patterns 
observed, this dataset forms a good starting point for the detailed assessment of the key 
management and field attributes that drive variability in response to applied N, P and K 
over time. Our specific objectives were to: (i) identify the key drivers of variability in 
maize yield response to fertilizer N, P and K application at the field level; to (ii) quantify 
the specific contribution of these key drivers to variability in maize yield response to 
applied N, P and K; and to (iii) identify the contribution of these key factors to processes 
driving variability in maize yield responses to N, P and K application over time. We 
hypothesized that long-term variability in yield response to applied fertilizers among 
fields and farms is mainly driven by differences in past farm management.  
3.2 Materials and methods 
3.2.1 Study area, site selection, and field experiments 
 
The study was conducted in Sidindi area in Siaya County, western Kenya, at a latitude 
of 0.15 oN, a longitude of 34.4 oE and at about 1240 metres above sea level. Annual 
rainfall ranges from 1600 – 2000 mm and is distributed over two distinct seasons with 
a long rainy (LR) season from March to July, and a short rainy (SR) season from 
September to December. Full details on the study area, characteristic and selection of 
the sites, and field experiments are provided in Chapter 2. In summary, nutrient omission 
trials were established at the onset of the long rainy season in 2013 on 23 different 
farmers’ fields considered representative of the study area based on socio-economic 
characteristics and soil conditions. Field selection was additionally based on field 
location in relation to the landscapes, with fields on valley bottoms and steep slopes 
avoided to limit effects of; nutrient influx and waterlogging in valley bottom fields, and 
nutrient losses through runoff in fields on steep slopes. In each farm, urea, triple 
super-phosphate (TSP) and muriate of potash (MOP) were used as N, P and K sources 
respectively to establish a set of five treatments including (i) control (no nutrients 
added), (ii) PK (40 kg P ha-1 + 60 kg K ha-1), (iii) NK (150 kg N ha-1 + 60 kg K ha-1), 
(iv) NP (150 kg N ha-1 + 40 kg P ha-1), and (v) NPK (150 kg N ha-1 + 40 kg P ha-1 + 60 
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kg K ha-1) in plots measuring 10 m by 10 m, with maize as the test crop. Nutrients were 
applied at rates sufficient to achieve yields of 5-6 t ha-1 in the balanced NPK treatment. 
The same treatments were established on each farm without replication i.e., one set of 
treatments was established on each farm. N was applied in three equal splits; at planting, 
at three weeks after emergence and at six weeks after emergence, while all P and K was 
applied at planting. Trial plot locations and allocated treatments remained the same 
throughout the study period over seven seasons (long rains 2013 to long rains 2016). 
Throughout the experimental period, the short-season maize variety DK8031 was sown 
at the recommended spacing (75 × 25 cm) to give 53,333 plants ha-1 after thinning. Two 
seeds were sown per planting station and thinned to one plant at two weeks after 
emergence. All plots were manually weeded at three and six weeks after emergence. 
3.2.2 Soil sampling and analysis 
 
Soil sampling and analysis was conducted at the onset and end of the experimental 
period. In February 2013, one composite soil sample was collected for each field using 
a ‘Y frame sampling approach’, taking samples at 0-20 cm depth. Processed samples 
were analysed at Crop Nutrition Laboratories in Nairobi for available P and 
exchangeable bases following a Mehlich 3 extraction (Mehlich, 1984) and soil organic 
carbon (SOC) using the Walkley-Black wet oxidation method (Anderson and Ingram, 
1994).  
Prior to the start of the long rainy season in 2016 (February 2016), a second set of soil 
samples was collected and analysed, but now a sample was taken per plot. For this, 
composite soil samples were collected from each plot in all fields to give a total of five 
samples per field. In each plot, soil samples were collected from four points using a ‘Y 
frame approach’ at 0-20 cm depth. Collected samples were subsequently placed in a 
bucket and mixed thoroughly before the composite sample was taken. These samples 
from each plot were air dried and passed through a 2 mm sieve prior to chemical analysis 
at the Lancrop Laboratories in the United Kingdom. Total nitrogen (N), available 
phosphorus (P), and soil organic carbon (SOC) were analysed using the Kjeldahl 
method, modified Olsen, and Walkley-Black methods respectively (Anderson and 
Ingram, 1994). Exchangeable bases (Ca, Mg, K and Na) were determined using atomic 
absorption spectrometry using ammonium nitrate as the extracting agent. For both 
sampling periods, soil pH was determined in water using the pH electrode method with 
a ratio of 1:2.5, while soil texture was determined using the improved hydrometer 
method (Bouyoucos, 1962). 
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3.2.3 Farm management survey 
 
At the onset of the first cropping season, a survey was conducted to obtain information 
on key farm management practices for the past three seasons in the specific field where 
the experiment was located. The survey was conducted using structured questionnaires 
to interview the key decision maker on the farm. Local enumerators and extension 
officers conversant in the local language and farming system were trained and engaged 
to administer the questionnaires. Information collected included details on: cropping 
system used; crop residue management practices; main crops cultivated; livestock 
manure application history in the past three years; and fertilizer types and amounts 
applied in the last main cropping season before the experiment was established. A short 
review of the answers provided was conducted by walking through the experimentation 
field together with the farmer who further explained and illustrated management 
practices conducted. The distance from the farmer’s homestead to the experimental field 
was determined by measuring the shortest accessible path from a central position in the 
homestead to the field using calibrated twines. 
3.2.4 Grain yield 
 
Each season, maize was harvested at physiological maturity within a net plot of 2.25 m 
by 3 m including three centre rows in each plot, leaving at least 2 m on each side of the 
centre rows to minimize edge effects. After harvesting, total plant and cob numbers were 
recorded, and total cob weight determined in the field using a digital scale accurate to 2 
decimal places. Grain moisture content was determined using a moisture tester (Dickey 
John Mini GAC, Minneapolis USA). Grain yield in each plot was then converted to 
yield per hectare on a 12% moisture basis.  
3.2.5 Total nutrient uptake  
 
In the final season (LR 2016), stover biomass was determined to allow for evaluation of 
total nutrient uptake in the aboveground biomass. For this, all stover material from the 
harvested net plot was weighed using a spring balance after detaching maize cobs, and 
stover weight per plot was recorded. Subsequently a sample of the stover was taken by 
selecting five representative plants. These were then cut into 5 cm pieces and well mixed 
before a subsample of 200 g was weighed using a digital scale, and placed in a clearly 
labeled sample bag for further drying and processing. This subsample was air-dried to a 
constant weight, and weights and the mass fraction of air-dry stover in fresh material 
were determined and used to calculate air dry stover yield (t ha-1).  
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Nutrient uptake in grain and stover was calculated following determination of grain and 
stover nutrient concentrations at the Lancrop Laboratories in the United Kingdom. For 
this, representative subsamples of the air-dried stover and grain were oven dried for 48 
hours at 60 °C and then ground to pass a 1 mm screen. Total grain and stover nitrogen 
(N) contents were determined using the Kjeldahl method following digestion with 
sulphuric acid (Miller and Horneck, 1997), while the other macro and micronutrients 
were determined by inductively coupled plasma emission spectrometer following ashing 
at 500 °C and digestion in concentrated hydrochloric acid (Isaac and Johnson, 1997). 
Nutrient uptake in grain and stover were determined as a function of grain and stover 
nutrient concentrations, and grain and stover dry matter yields respectively. Total 
nutrient uptake for each nutrient was then calculated as the sum of grain and stover 
nutrient uptake in each treatment plot. 
3.2.6 Statistical analysis  
 
To assess the long-term effects of different nutrient combinations on observed maize 
yield, effects of treatments imposed were evaluated as the deviations in yield for these 
treatments from yield observed in the NPK treatment. For this, a mixed effects linear 
model with grain yield as the response variable, and treatment and season number as 
fixed effects was fit using the ‘lme4’ package in R software (Bates et al., 2015; R Core 
Team, 2017). Variation in grain yield due to differences in farms and season type (long 
and short rains) was accounted for by including these as random effects in the mixed 
model. Significant effects of model parameters on grain yield were evaluated using the 
‘lmerTest’ package in R software (Kuznetsova et al., 2017). 
Classification and regression tree (CART) analysis with the ‘rpart’ (Therneau et al., 
2017) and ‘rpart.plot’ (Milbrow, 2017) packages in R software was used to identify the 
key field or management factor driving variability in yield response between farms. 
CART analysis has been previously used in the identification of key variables driving 
variability in yield response to applied nutrients between farms (Steinberg, 2009) and is 
especially useful due to its ability to handle both numeric and non-numeric data 
(Tittonell et al., 2008a). For this, a dataset (n=799) comprising of normalized maize 
grain yield for the control, PK, NK, NP and NPK treatments established in 23 fields 
across seven cropping seasons was used. Normalized yield (NY) was determined as the 
ratio between the yield for a particular treatment and season in a particular field, and 
average treatment yield for that treatment across all fields in a particular season. Yield 
normalization allows for comparison among plots, and enables understanding of key 
factors that may identify better performing plots. This dataset excluded six cases where 
yield data was missing due to erroneous harvesting of some trial plots by farmers in one 
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of the seasons. In the CART model developed, percentage clay and silt content, past 
manure application history, and field distance from the homestead (m) were used as 
explanatory factors representing: soil type, previous farm management, and field 
characteristics respectively. To quantify the effect of key field or management factors 
on yield response to applied N, P and K, a new mixed effects model was constructed by 
including the key factor identified using the CART analysis as a fixed effect in the initial 
yield mixed effects model. The additional effect of the new factor on yield response was 
evaluated using the ‘lmerTest’ package in R, and the new model evaluated for improved 
model fit using the Akaike information criterion (AIC) in R software. Temporal 
variability in plant response to N, P and K application in relation to the key factor 
identified was also assessed. Differences in total plant nutrient uptake and mean soil 
properties in the last cropping season were also evaluated using the final model 
developed. For this, the fixed and random effects of season number and season type 
respectively were removed as treatment level nutrient uptake data and soil properties 
data were only available for the last season. Mean mixed models estimates of treatment 
grain yield and treatment nutrient uptake were subsequently used to assess differences 
in nutrient availability in the full NPK treatment for fields with and without past manure 
application based on physiological nutrient use efficiency (PhE). PhE is the ratio of grain 
yield (DM kg ha-1) to the total nutrient uptake (kg ha-1) (Janssen, 2011). To assess 
differences in soil nutrient supply based on past manure application, estimated mixed 
model mean soil property values were used to determine potential supplies of soil N, P 
and K. Based on these potential supplies, the related fertilizer N, P and K equivalent 
values were calculated. This was achieved using equations for potential soil nutrient 
supply and fertilizer equivalent from the Quantitative Evaluation of the Fertility of 
Tropical Soils (QUEFTS) model (Janssen et al., 1990), with updated parameter sets 
derived from Sattari et al. (2014). The QUEFTS model uses empirical relationships to 
calculate the potential soil supply of N, P and K based on measured soil chemical 
properties, and has been widely applied to appraise the status of N, P and K in soils 
under tropical conditions (Janssen et al., 1990). Mixed model mean estimates of soil P 
and K were further used to estimate within treatment differences in total soil P and K 
contents in the top soil layer (0 – 20 cm) based on past manure application. Total soil 
nutrient content in the top soil layer was calculated as a function of mean soil nutrient 
content in milligrams per kilogram, and total quantity of soil in the top soil layer in 
kilograms per hectare. For P, the estimated mean Olsen P value in mg kg-1 for each 
treatment and manure use category was used. For K, mean estimated exchangeable K 
values in cmol kg-1 were converted to exchangeable K in mg kg-1, and these values 
subsequently used to estimate the total K contents in the top plough layer. Total quantity 
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of soil in the top soil layer (0.2 m depth) was estimated at 3,000,000 kg ha-1 by assuming 
a bulk density of 1.5 g cm3 for the sandy clay soils in the study area. 
3.3 Results 
3.3.1 Farm characterization 
 
Results from the agronomic survey indicated all farmers had similar cropping systems 
and crop residue management (not shown). All farmers in the study intercropped cereals 
and legumes; notably maize and bush varieties of common bean (Phaseolus vulgaris 
L.). Crop residues were removed from all of the fields immediately after harvesting. 
Farmers predominantly used DAP and CAN fertilizer as basal and top dressing 
respectively. However, review of data collected using questionnaires, and from further 
discussions with farmers revealed major inconsistencies in quantities of fertilizers 
reported to be used in the past within the experimental fields. As such, data on previous 
fertilizer use was not used in explaining observed yield responses. Some 70% of the 
farmers reported frequent manure application, and had applied manure in the field where 
the experiment was located in at least two of the previous three seasons prior to the 
study. The remaining 30% had not applied manure in the field where the experiment 
was located in the previous three seasons, and did not usually apply any manure in their 
farms due to unavailability. Average distance between the experimental fields and the 
farmers’ homestead was approximately 75 m. All fields in the study were cropped in 
both the long and short rainy seasons with no fallow periods, and had been under 
cultivation for >20 years. 
3.3.2 Soil characterization 
 
Soils in the study area are sandy clays with moderate clay and silt contents (Table 3.1). 
Mean soil pH, soil organic carbon, available P, and exchangeable K contents were 
generally larger for fields with past manure application (Table 3.1). Wide ranges in 
values for soil organic carbon and macronutrients contents were however observed 
within the two past manure application categories.  
3.3.3 Effect of nutrient applications on maize yields 
 
Mean estimated yield over the seven seasons in the NPK treatment was 5.4 t ha-1 (Table 
3.2). This did not vary significantly over time as indicated by the estimate and p value 
associated with the season number and NPK interaction parameter (Table 3.2). Maize 
grain yield was significantly (P<0.05) reduced by 2.7, 2.3 and 0.9 t ha-1 in the control, 
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PK, and NK treatments respectively, when compared to the NPK treatment (Table 3.2). 
A significant (P<0.05) decline in yield over time was only observed in the control and 
NK treatments. Yields declined most strongly over time in the NK treatment by 0.3 t ha-
1 per season compared with the decline of 0.1 t ha-1 per season in the NPK treatment 
(Table 3.2). The yield difference between the NPK and NK treatments, therefore 
increased from 0.9 t ha-1 in the first cropping season, to 2.3 t ha-1 in the seventh cropping 
season.  
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3.3.4 Key factors driving variability in maize yield response to nutrient additions 
 
A classification and regression tree was used to identify the key field level factor driving 
variability in normalized treatment maize grain yield (Fig. 3.1). Deviations from average 
yield conditions (normalized yield value of 1) represent a measure of the effect of model 
parameters on yield response: values greater than 1 indicate a better than average yield 
response, values less than 1 indicate a smaller than average response. Past animal 
manure application was the first splitting criterion for differences in normalized yields 
(Fig. 3.1), indicating that this was the key factor driving differences in maize yield 
response between fields. On average, where fields had past manure application, yield 
response was 10% greater than the average response, while for fields without past 
manure application, yield response was 33% less than the average response for all fields 
(Fig. 3.1). Thus, observed yields for fields with past manure application were up to 43% 
larger, indicating strong effects of past manure application on maize yield response to 
applied nutrients. The right hand branch of the regression tree shows that improved yield 
response for fields with past manure application was further related to soil texture and 
distance from the homestead. The largest yield responses was associated with fields with 
past manure application where clay and silt contents were >=24% but <35%. In the left 
hand branch the smallest yield responses were observed for fields without past manure 
application and clay and silt contents >=41% (Fig. 3.1). Fields with past manure 
application that were closer than 15 m from the homestead also showed a stronger yield 
response than those further from the homestead (Fig. 3.1). 
Table 3.2: Mixed model parameter estimates with standard errors (SE) of the long term effect of 
nutrient additions on maize grain yield in t ha-1 per season at 88% dry matter in nutrient omission 
trials conducted on 23 farms over seven consecutive cropping seasons (long rains 2013 to long 
rains 2016) in Sidindi, western Kenya. 
Parameter   Estimate (t ha-1)  SE  P value 
NPK (intercept) 5.4 0.50 <0.05 
Control  -2.7  0.50  <0.05 
PK  -2.3  0.35  <0.05 
NK  -0.9  0.34  <0.05 
NP  -0.5  0.36  ns 
Season number × NPK  -0.1  0.05  ns 
Season number × Control  -0.1  0.07  <0.05 
Season number × PK  -0.1  0.07  ns 
Season number × NK  -0.2  0.07  <0.05 
Season number × NP  -0.1  0.07  ns 
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3.3.5 Effect of past manure application on yield response to applied nutrients 
 
The improved mixed effects model with past manure application as an additional fixed 
effect explained more of the observed variation in yield compared to the initial model 
with only season number and treatment as fixed effects. This was indicated by a lower 
AIC value of 2331 for the improved model compared to a value of 2342 for the initial 
model. Model comparison also indicated that addition of past manure application 
significantly (P<0.05) improved the initial model, while addition of other field level 
factors did not significantly improve the model (not shown). Past manure application 
resulted in significantly (P<0.05) higher mean grain yield across all treatments except 
the PK treatment (Table 3.3). The largest yield increase was observed for the NK 
treatment where yields were higher by 2.9 t ha-1 in fields with past manure application. 
Yield increases for the control, PK, NP and NPK treatments were 1.4, 0.5, 2.0 and 0.9 t 
ha-1. Combined application of NPK resulted in significantly (P<0.05) higher yield 
 
Fig. 3.1: Classification and regression tree model describing variability in normalized maize grain 
yield as a function of field characteristics and past management. The first value in each node 
indicates the average normalized yield for the specific category. 
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compared to all other treatments where fields had no past manure application (Table 
3.3). However, where fields received past manure application, mean yield in the NPK 
treatment was not significantly different from that in the NP treatment (Table 3.3). 
Differences in yield response to N, P and K based on past manure application history 
were also observed. Where fields had no past manure application, yield responses 
calculated as the difference in yield between the NPK treatment, and treatments with N, 
P and K omitted were 2.3, 3.0 and 1.6 t ha-1 respectively. Where fields had received 
manure in the past, yield response to N increased to 2.7 t ha-1, while that for P and K 
declined to 2 and 0.5 t ha-1 respectively. Thus effects of past manure application on yield 
were strongest where P and K were omitted.  
 
3.3.6 Influence of past manure application on yield components 
 
Assessment of the influence of past manure application on plant density at harvest, and 
the proportion of plants bearing mature cobs at harvest provided an indication of the 
possible mechanisms through which past manure application enhanced yields response 
to N, P and K (Fig. 3.2). For all treatments, fields with past manure application showed 
the least deviation from expected values of plant density as compared to fields without 
past manure application (Figs. 3.2a & 3.2b). For fields without past manure application, 
plant density declined over time across all treatments with some season to season 
fluctuations (Fig. 3.2a). The decline was strongest for the NK and NP treatments where 
beyond the second season, mean plant density in these treatments was always close to 
or below 40,000 plants ha-1 (Fig. 3.2a). In contrast, for nutrient additions in fields with 
past manure application, mean plant density was never <40,000 plants ha-1 in any of the 
seasons (Fig. 3.2b). 
Table 3.3: Pairwise comparison of mean seven season’s treatment maize grain yield (t ha-1) at 
88% dry matter in nutrient omission trials for fields with and without past animal manure 
application in Sidindi, western Kenya. 
Past manure application  Treatment 
 Control PK NK NP NPK 
-manure  1.0a 2.2bc 1.5ab 2.9c 4.5d 
+manure  2.4a 2.7a 4.4b 4.9bc 5.4c 
P-value  <0.05 ns <0.05 <0.05  <0.05 
Mean treatment values within past manure application categories followed by a different 
superscript are significantly different at P<0.05)  
ns = indicates no significant difference in mean yield within a treatment based on past manure 
application history at P<0.05) 
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Mean cob to plant ratios diverged strongly among treatments over time for fields without 
past manure applications, while deviations were less strong for fields with past manure 
application (Figs. 3.2c & 3.2d). For example, in the NK treatment for fields without past 
manure application, about 40 % of the harvested plants did not bear a mature cob starting 
from the third cropping season (Fig. 3.2c). This was in contrast to in fields with past 
manure application where for the same treatment, harvested plants without mature cobs 
were never more than 25 per cent of total harvested plants in any of the seasons (Fig. 
3.2d).  
 
 
 
 
 
Fig. 3.2: Seasonal trends in treatment plant density ha-1 and cob/plant ratios for fields with and 
without past animal manure application. Seasons 1-7 refer to LR 2013, SR 2013, LR 2014, SR 
2014, LR 2015, SR 2015 and LR 2016 respectively. Dotted horizontal lines represent the 
intended plant density at sowing (53,333 plants ha-1). 
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3.3.7 Influence of past manure application on long term maize productivity 
 
Cumulative maize grain yields over the seven seasons demonstrated clear effects of past 
manure application on maize yield productivity (Fig. 3.3). Cumulative maize grain yield 
was largest in the NPK treatment in fields with past manure application, with 50% of 
fields in this category showing cumulative yields of about 40 t ha-1 (Fig. 3.3). 
Significantly larger cumulative grain yields were observed for fields with past manure 
application compared with those without for all treatments with N applied, and for the 
control treatment (Fig. 3.3). Where NP was applied in fields with past manure 
application, cumulative yields were not significantly different from those observed for 
the combined NPK treatment irrespective of past manure application history (Fig. 3.3). 
Similarly, in the PK treatment, cumulative yields for fields without past manure 
application were not different to those observed in the no input control treatment for 
fields with past manure application (Fig. 3.3). This indicates that where no nutrients 
were applied, soil supplies of P and K for fields with past manure application matched 
the P and K supplied by fertilizer in the fields without past manure application. For fields 
without past manure application, variability in cumulative maize grain yield was largest 
in the NP treatment and least in the PK treatment, while for fields with past manure 
application, variability was largest in the NK treatment and least in the NPK treatment 
(Fig. 3.3). 
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3.3.8 Effect of past manure applications on nutrient uptake and nutrient use 
efficiency 
 
Total plant nutrient uptake was influenced both by treatments imposed and by past 
manure application, with greater nutrient uptake observed for fields with past manure 
application across all treatments (Table 3.4). Total N uptake was largest in the NPK 
treatment in fields with past manure application, and least in the control treatment in 
fields without past manure application at 84.4 and 12.2 kg N ha-1 respectively. In fields 
without past manure application, total N uptake was significantly (P<0.05) greater for 
treatments with both N and P (Table 3.4). In fields with past manure application, N 
uptake in all treatments receiving N was significantly larger than that in the control and 
PK treatments. Mean N uptake was higher in fields with past manure application, with 
significantly (P<0.05) greater uptake observed in the NK and NP treatments (Table 3.4). 
 
Fig. 3.3: Box plots showing variability in cumulative maize grain yield (t ha-1 at 88% DM) over 
seven seasons for fields with and without past animal manure application history in Sidindi, 
western Kenya. Horizontal lines within the box plots represent the median while lower and upper 
box plot boundaries represent the 25th and 75th percentiles respectively. Lower and upper 
whiskers represent the minimum and maximum values respectively, while dots above and below 
whiskers represent outliers. 
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Small differences in N uptake in the control and PK treatments where N was not applied 
reflected the minimal contribution of N from past manure application.  
P uptake was largest in the NPK treatment and smallest in the control treatment 
regardless of manure use in the past (Table 3.4). Further, plots where P was applied in 
combination with N showed significantly (P<0.05) greater P uptake compared to plots 
which received no N.  Significantly (P<0.05) greater P uptake was observed in the NK, 
NP, and NPK treatments in fields with past manure application, likely indicative of 
additional P supply, and enhanced recovery of fertilizer P in fields that had past manure 
application.  
Similar to N and P, K uptake was largest in the NPK treatments for fields with or without 
past manure application (Table 3.4). For fields without past manure application, the 
control treatment had only a significantly (P<0.05) smaller K uptake compared to the 
NPK treatment, while differences in K uptake between PK, NK, NP and NPK treatments 
were not significant. For fields with past manure application, significantly (P<0.05) 
more total K uptake was observed in the NK, NP and NPK treatments than in the control 
treatment. Treatments with N applied showed significantly (P<0.05) larger K uptake in 
fields with past manure application than the control and PK treatments. The observed 
larger K uptake for the NP treatments compared to the NP and NPK treatment in fields 
without past manure application illustrates the enhanced soil K supply in fields with past 
manure applications.  
With mean estimated yield in the NPK treatment at 5400 and 4500 kg ha-1 (88 % DM) 
(Table 3.3), and estimated N uptake at 84.4 and 64.4 kg N ha-1 in fields with and without 
past manure applications respectively (Table 3.4), N physiological efficiency (PhEN) of 
dry matter production was 56.3 and 61.5 kg kg-1 in fields with and without past manure 
applications respectively. Similarly, P physiological efficiency (PhEP) was 484.9 and 
707.1 kg kg-1, while K physiological efficiency (PhEK) was 71.5 and 113.8 kg kg-1 
respectively in fields with and without past manure applications. 
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3.3.9 Effect of nutrient application and past manure applications on soil nutrient 
stocks 
 
Differences in mean soil chemical properties were mainly influenced by treatments 
imposed (Table 3.5). However, for all parameters assessed, mean values were larger for 
fields with past manure application. Significantly (P<0.05) larger Olsen-P and soil 
exchangeable K concentrations were observed for treatments with P and K applied 
respectively in both past manure application categories (Table 3.5). Mean soil K values 
in the control and PK treatments were however significantly greater in fields with past 
manure application (Table 3.5). For both manure application categories, mean pH values 
in all treatments with N applied were <5.5 (Table 3.5), indicating possible acidification 
following continuous application of urea in these plots. The smaller soil organic carbon 
contents observed for fields without past manure applications, coupled with the lack of 
significant differences in soil carbon stocks among fertilizer treatments, are indicative 
of both the contribution of long-term manure application to soil carbon stocks, and the 
slow turnover of soil organic matter. Past manure application resulted in up to 6.6 and 
6.0 kg P ha-1 extra soil P in the top soil layer in the control and NK treatments which 
received no fertilizer P inputs (Table 3.5). Similarly, past application of manure resulted 
Table 3.4: Pairwise comparison of mean treatment total nutrient uptake (kg ha-1 season-1) for 
fields with and without past animal manure application in the seventh cropping season of nutrient 
omission trials conducted on 23 farms over seven consecutive cropping seasons (long rains 2013 
to long rains 2016) in Sidindi, western Kenya. 
Nutrient uptake 
(kg ha-1 season-1) 
 
 Past manure 
application 
 Treatment 
  Control PK NK NP NPK 
N   -manure  12.2a 19.7a 20.4a 45.7b 64.4b 
  +manure  21.6a 30.0a 58.0b 77.9c 84.4c 
  P value  ns ns <0.05 <0.05 ns 
         
P   -manure  1.0a 3.2ab 1.3a 4.0bc 5.6c 
  +manure  2.9a 5.7b 5.7b 8.5c 9.8c 
  P value  ns ns <0.05 <0.05 <0.05 
         
K   -manure  5.6a 17.6ab 12.0ab 14.5ab 34.8b 
  +manure  17.0a 33.0ab 64.7cb 48.0b 66.5c 
  P value  ns ns <0.05  <0.05 <0.05 
Nutrient uptake values in the same row or column within one variable followed by a different 
superscript are significantly different at P<0.05)  
ns = indicates no significant difference in mean nutrient uptake within a treatment based on past 
manure application history at P<0.05) 
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in 176 and 94 extra kg K ha-1 in the top soil layer in the control and NP treatments which 
received no fertilizer K inputs. 
 
Based on the QUEFTS model, accounting for past manure application resulted in an 
estimated increase in potential soil N supply by 17.3, 14.2, 18.2, 10.8 and 11.4 kg ha-1 
at the start of the seventh season for the control, PK, NK, NP and NPK treatments 
respectively (Table 3.6). Differences in treatment potential soil P supply based on past 
Table 3.5: Pairwise comparison of mixed model mean estimated treatment soil properties, and 
estimated soil P and K contents in the plough layer (0 – 20 cm), for fields with and without past 
animal manure application in the seventh cropping season of nutrient omission trials conducted 
on 23 farms over seven consecutive cropping seasons (long rains 2013 to long rains 2016) in 
Sidindi, western Kenya. 
Parameter  Past manure 
application 
 Treatment 
  Control PK NK NP NPK 
SOC (g kg-1)  -manure  10.7 10.5 10.5 10.7 10.7 
  +manure  13.1 12.8 13.2 13.0 12.6 
  P value  ns ns ns ns ns 
         
pH (H2O)  -manure  5.4a 5.5a 5.0b 5.2ba 5.2ba 
  +manure  5.8a 5.7a 5.4b 5.3b 5.3b 
  P value  ns ns ns ns ns 
         
Olsen P (mg kg-1)  -manure  2.2a 7.2b 2.2a 7.2b 6.5b 
  +manure  4.4a 10.4b 4.2a 7.6c 7.1c 
  P value  ns ns ns ns ns 
         
Soil P in plough layer (kg ha-1)  -manure  6.6 21.6 6.6 21.6 19.5 
  +manure  13.2 31.2 12.6 22.8 21.3 
  D*  6.6 9.6 6.0 1.2 1.8 
         
Exch. K (cmol kg-1)  -manure  0.13a 0.25ab 0.27b 0.12c 0.17ab 
  +manure  0.28a 0.39b 0.40b 0.20c 0.25ca 
  P value  <0.05 <0.05  ns ns ns 
         
Soil K in plough layer (kg ha-1)  -manure  152.1 292.5 315.9 140.4 198.9 
  +manure  327.6 456.3 468.0 234.0 292.5 
  D  175.5 163.8 152.1 93.6 93.6 
Soil parameter values in the same row followed by a different superscript are significantly 
different at P<0.05) 
ns = indicates no significant difference in mean soil properties within a treatment based on past 
manure application history at P<0.05) 
*Indicates extra P and K content in the top plough layer in fields with past manure application 
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manure application were largest in the NK treatment (3 kg ha-1) and smallest in the NP 
treatment (1.1 kg ha-1) (Table 3.6). In the NP treatment, past manure application resulted 
in an increase in potential soil K supply of 15.8 kg K ha-1 (Table 3.6). Further 
calculations based on the QUEFTS model indicated that the where N, P and K were 
omitted, the extra soil supply of N, P and K for fields with past manure application was 
equivalent to fertilizer applications of 28.3, 29.8, and 31.5 kg ha-1 respectively (Table 
3.6). 
 
3.4 Discussion 
 
The application of animal manure in the past was identified as the most important factor 
to explain the large differences in yield and yield response to applied fertilizers between 
farms. Fields with past animal manure application had significantly greater yields in all 
Table 3.6: QUEFTS derived treatment potential soil nutrient supply and fertilizer nutrient 
equivalents for fields with and without past animal manure application in the seventh cropping 
season of nutrient omission trials conducted on 23 farms over seven consecutive cropping seasons 
(long rains 2013 to long rains 2016) in Sidindi, western Kenya. 
QUEFTS Estimates  Past manure 
application 
 Treatment 
  Control PK NK NP NPK 
SN (kg ha-1)  -manure  44.2 44.6 35.7 40.0 40.0 
  +manure  61.5 58.8 53.9 50.8 51.4 
  D*  17.3 14.2 18.2 10.8 11.4 
         
Fertilizer N 
equivalent (kg ha-1) 
   34.5 28.3 36.3 21.6 22.8 
         
SP (kg ha-1)  -manure  4.2 6.8 2.9 6.1 5.8 
  +manure  6.6 9.5 5.9 7.2 7.2 
  D  2.4 2.7 3.0 1.1 1.4 
         
Fertilizer P 
equivalent (kg ha-1) 
   24.1 26.8 29.8 11.0 13.5 
         
SK (kg ha-1)  -manure  45.8 84.4 103.5 43.5 60.9 
  +manure  76.6 110.4 115.6 59.3 74.3 
  D  30.8 26.0 12.1 15.8 13.4 
         
Fertilizer K 
equivalent (kg ha-1) 
   61.5 52.0 24.2 31.5 26.8 
*Indicates differences in potential soil nutrient supply for with and without past manure application  
SN, SP and SK refer to potential soil N, P and K supply respectively  
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treatments except PK when compared with fields without, with mean differences of 1.4, 
0.5, 2.9, 2.0 and 0.9 t grain ha-1 per season for the control, PK, NK, NP and NPK 
treatments respectively. The strongly declining yield responses to unbalanced 
applications of N, P and K (i.e. PK, NK and NP treatments) was linked to exhaustion of 
the limited soil supply of P and K in fields without past manure application. These 
declining yields were amplified at lower soil K supply levels by strongly declining plant 
survival rates in response to K limitations (Wang et al., 2013) and a lower proportion of 
plants without cobs at harvest in response to P limitations, as also observed by (Robert 
and Okalebo, 1992). 
At both the onset and end of the trial period, fields with past manure application showed 
higher contents of exchangeable P and exchangeable K, equivalent to 29.8 kg P ha-1 and 
31.5 kg K ha-1 of fertilizer respectively. The observed total nutrient uptake values in the 
NPK treatment of 84.4, 9.8 and 66.5 kg ha-1 for N, P and K respectively in fields with 
past manure application were comparable to those reported by Smaling and Janssen 
(1993). The applied 150, 40 and 60 kg N, P and K ha-1 (per season) in the NPK treatment 
resulted in nutrient uptake values of 64.4, 5.6 and 34.8 kg ha-1 in fields without past 
manure. Resulting fertilizer recovery rates in fields without past manure application 
were approximately 0.4, 0.1 and 0.5. These recovery rates for P and K correspond with 
commonly observed values (Smaling and Janssen, 1993), but the recovery rate for N is 
slightly smaller than the often observed value of 0.5 (Smaling and Janssen, 1993). The 
up to 20 kg ha-1 extra N uptake observed in the NPK treatment in fields with past manure 
application can therefore be attributed to an enhanced recovery of applied fertilizer N in 
fields with past manure application. This is corroborated by similar N uptake values 
observed in the PK treatment regardless of manure application history. In this treatment, 
plant numbers and proportion of plants without mature cobs were not different for the 
two past manure application categories, indicating that these lost plants did not remove 
a significant amount of nutrients. Indeed, past animal manure application has been 
related to increased fertilizer use efficiency (Castellanos-Navarrete et al., 2015). In 
addition, the higher PhE values observed in the NPK treatment in fields without past 
manure application compared to fields with past manure application are indicative of 
both decreased and imbalanced nutrient supply (Janssen, 2011). Thus, good yields with 
increased fertilizer rates are very well possible in fields without past manure application, 
but only when N, P and K are supplied in balanced proportions. The large differences in 
yields under NPK fertilization, responding to differences in soil nutrient supply 
indicated that fertilizer application rates were not approaching maximum yields and 
crops were still responsive. 
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Our results clearly show that past manure application strongly affected yield response 
to fertilizer P. This was related to increased soil P supply and plant P uptake in fields 
with past manure application. The higher soil P supply in fields with past manure 
application could be as a result of less transfer of P from the labile to the stable P pools 
(Janssen et al., 1987; Wolf et al., 1987), and the less strong P fixation due to higher 
organic matter contents (Bationo et al., 2007) as manure is the principal source of 
organic inputs in the western Kenya region (Castellanos-Navarrete et al., 2015; Tittonell 
et al., 2010b). This is of significance given that distinct yield response clusters observed 
in this study area were largely characterized by differences in yield response to P 
application over space and time (Njoroge et al., 2017b). Spatial-temporal variations in 
yield response to fertilizer application in this region can therefore be largely related to 
differences in past field management including the application of manure. The presence 
of a stable P pool in tropical soils with low relative transfer rates from and to the labile 
pool (Sanchez, 2018) explains both the soil P resilience and the low P recovery rates, 
especially when the stable pool is large. This is typical of Acrisols and Ferralsols which 
are predominant in the western Kenya region (KARI, 1994) due to their large amounts 
of sesquioxides (Kruse et al., 2015; Sanchez, 2018). The large variability in cumulative 
maize grain yields in the NK treatment in fields with past manure application, points to 
varied contribution of past manure application to yield response to P between farms. 
This is likely due to the large variability in the nutrient content of applied manure, and 
in the frequency and timing of manure application observed in smallholder farming 
systems of SSA (Rufino et al., 2006; Rufino et al., 2007) 
Previous fertilizer recommendations in the study area based on experiments conducted 
in only three sites over two cropping seasons, assumed that the soils contain sufficient 
K reserves (KARI, 1994). A more detailed study reported that a large proportion of the 
farms had soils deficient in K, calcium (Ca), and zinc (Zn), as well as N and P (NAAIAP, 
2014). The high incidence of K deficient fields reported can be linked to years of 
continuous cultivation without application of fertilizer K or manure. A common practice 
in majority of farms in the western Kenya region is near complete removal of stover 
after harvest for use as animal feed (Castellanos-Navarrete et al., 2015). Stover contains 
large amounts of K and therefore feeding stover to animals likely results in redistribution 
of K within farms and landscapes. Indeed, our results showed that fields without past 
manure application had a significant yield response to K application. Where fields had 
past manure application, seasonal and cumulative yields in the NP treatment did not 
differ from those observed in the NPK treatment irrespective of past manure application 
history. Further, assessment of soil nutrient contents in the top soil layer indicated that 
where no nutrients were applied, fields with past manure application had up to 175.5 kg 
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ha-1 more available K than fields without. In the absence of manure application, the 
supply of fertilizer K is therefore critical for enhancing crop productivity.  
Although recommendations for maize production in the study area have recently been 
revised to include; the application of K fertilizers, the application of 7 t ha-1 of animal 
manure, and the additional application of secondary and micro nutrients where 
deficiencies are observed (NAAIAP, 2014), farmers still predominantly apply only DAP 
and CAN which only provide N and P. This is mainly related to the cost and lack of 
availability of MOP the key straight source of fertilizer K. The seasonal application of 
7 t ha-1 of animal manure is also impractical for most farmers due to the limited quantity 
of manure available in most farms. Indeed, a detailed study on the management of on-
farm available manure by Tittonell et al. (2010b) showed that at best, a majority of farms 
in the region are only able to produce about 2.5 t ha-1 DM of manure annually. A more 
cost-effective option would involve the additional application of secondary and 
micronutrients only where deficiency conditions are severe, while K fertilizer 
application rates can be adjusted based on past application and or availability of animal 
manure. Indeed, results from our study indicate that for most farms, the balanced 
application of NPK would suffice to sustain good yields. Given the relatively low 
mobility of K in the soil, it is expected that a large fraction of applied K remains on-
farm and farmers can reduce required fertilizer K applications once soil stocks have 
sufficiently recovered. 
To understand the variability of yield responses to fertilizer treatments, we evaluated 
soil characteristics, field characteristics, and past field management factors that affect 
soil fertility. Results from our study indicate that accounting for only past manure 
application significantly reduces the large uncertainty associated with fertilizer use 
within smallholder farming systems of western Kenya and provides a means to 
differentiate recommendations on-farm. Further, the proportion of plants with cobs at 
harvest and plant survival rates provide cheap indicators to monitor soil fertility and 
depletion of soil P and K stocks.  
The observed large effects of past manure application on yields and its relatively small 
effect on soil fertility indicators such as SOC, and plant available P and K illustrates that 
this factor alone captures a significant proportion of variation in control yields. Hence, 
it may mask otherwise significant differences between treatments. Including past animal 
manure application as a co-variate in analysis of large yield response datasets is 
therefore strongly recommended. Especially in big data analysis approaches, an 
increasingly popular yet very challenging exercise within the agricultural context 
(Zhang et al., 2015), as poor responses to fertilizer are often found in pooled 
experimental data. 
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3.5 Conclusions  
 
Past manure application was identified as the key driver of variability in soil fertility 
and maize yield response to fertilizer application in smallholder farming systems of 
western Kenya. This was mainly related to enhanced soil P and K supply, and larger 
recovery of applied N in fields which received manure in the past. Poor yields and small 
responses to NP and NK fertilizer applications were directly linked to limited resilience 
of soil P and K pools in fields without animal manure application in the past. Past 
manure application provided a fertilizer equivalent value of 28.3, 29.8 and 31.5 kg N, P 
and K respectively after 7 seasons. Exhausted soil K pools in fields without manure 
application in the past resulted in strongly reduced plant survival rates, whereas 
exhausted soil P pools resulted in much lower proportions of plants with cobs. 
Fertilizing with NPK provided consistently good and stable yields across all fields. 
Our findings highlight the need to replenish K nutrient stocks in western Kenya, in 
particular in fields under continuous cultivation which have not received K fertilizer or 
livestock manure. We recommend an assessment of animal manure application in the 
past as a first step towards improved fertilizer use recommendations for smallholder 
farmers. 
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Abstract 
Poor prediction of crop yield responses to fertilizer application in smallholder farming 
systems of sub-Saharan Africa (SSA) poses a challenge to crop productivity 
intensification efforts. Tools that accurately predict yield responses to fertilizers are 
required for improved targeting of fertilizer applications at the farm level. We assessed 
the accuracy of the Quantitative Evaluation of the Fertility of Tropical Soils (QUEFTS) 
model in predicting expected maize (Zea mays L.) grain yield responses to balanced and 
imbalanced fertilizer applications under variable soil fertility conditions in western 
Kenya. We used data from the seventh consecutive season of nutrient omission trials 
conducted on 23 farms covering the period 2013–2016, without changing treatments or 
plot location. Treatments included a control and PK, NK, NP and NPK. Maize grain 
yields and, grain and stover nutrient concentrations were significantly influenced by 
treatments imposed. The QUEFTS model with default parameters poorly predicted 
maize grain yield response to balanced and imbalanced fertilization. Calibrated fertilizer 
N, P and K recovery rates were 0.35, 0.11 and 0.25, compared to default values of 0.5, 
0.1, and 0.5. Lower recovery rates were linked to effects of rainfall variability on maize 
yields, and depletion of nutrient stocks in treatments with nutrients omitted. 
Recalibration of parameter values in QUEFTS did improve yield response predictions. 
Inadequate yield response predictions in QUEFTS were linked to poor estimation of soil 
N, P and K supply with current relationships based on soil chemical data. Modified 
relationships using maize gran yields in unfertilized control treatment plots to estimate 
soil N, P and K resulted in substantial improvements in QUEFTS predictions. We 
conclude that plant-based approaches offer a promising alternative for improved 
estimation of soil nutrient supply for tailored recommendations, while QUEFTS should 
only be used at regional level, averaging out errors in soil supply estimates for N, P and 
K.  
Key words: Soil nutrient supply, maximum accumulation, nutrient recovery, sub-
Saharan Africa  
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4.1 Introduction  
 
Large variability in crop yield response to application of commercially available 
fertilizer at the farm and field scale in smallholder cropping systems of sub-Saharan 
Africa (SSA) is well known (Vanlauwe et al., 2006; Kihara et al., 2016; Njoroge et al., 
2017b), and can be explained by unbalanced nutrient application (Njoroge et al., 2019). 
Accurate tools for predicting yield responses to fertilizer applications are however 
lacking. Farmers are therefore frequently uncertain of the yield response to expect 
following fertilizer application on their farms. Such uncertainty increases the risk 
associated with fertilizer use (Morris et al., 2007), and has been linked to the poor 
adoption of increased fertilizer rates within smallholder farms of SSA (Marenya and 
Barrett, 2009; Xu et al., 2009). Reliable estimates of the expected yield response to 
fertilizer application within and across farms are required to improve targeting of 
fertilizer application at the farm level.  
Soil analysis is considered as the best available approach for making fertilizer 
recommendations (Fryer et al., 2019). Correlation and calibration processes are used to 
interpret measured soil nutrient availability indices (Hergert et al., 1997), to identify 
critical levels of a particular nutrient below which crop yield response to nutrient 
application is expected, and above which a yield response is not expected (Voss, 1998), 
and to relate soil nutrient contents to plant available amounts. Fertilizer 
recommendations for P and K are either based on a soil balance approach, focussing on 
build-up and maintenance of soil stocks (Voss, 1998), or on concepts of “fertilizing the 
crop”, where fertilizer provides nutrients not supplied by the soil (Olson et al., 1987). 
Such approaches imply that yield response to a particular nutrient is solely based on the 
availability of that nutrient, and that potential nutrient supply from the soil matches 
actual uptake. Yield response to nutrient application is however based on the interaction 
between various growth factors (de Wit, 1992). This led to the development of the 
Quantitative Evaluation of the Fertility of Tropical Soils (QUEFTS), a relatively simple 
static model that estimates yield response to NPK fertilization in relation to soil fertility 
(Janssen et al., 1990). Based partly on empirical, and partly on theoretical relationships, 
QUEFTS assumes that N, P and K are the only growth-limiting factors (Janssen et al., 
1990). QUEFTS further makes a distinction between the potential supply and the actual 
uptake of a nutrient, and additionally considers the relationship between nutrient uptake 
and yield (Janssen et al., 1990). Initially developed for maize, QUEFTS was 
successfully calibrated for other crops such as rice (Haefele and Wopereis, 2005), wheat 
(Pathak et al., 2003), cassava (Ezui et al., 2017), and soybean (Yang et al., 2017) in 
various regions of the world.  
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A key step in the QUEFTS model is the assessment of the potential soil supply of N, P 
and K based on soil organic carbon (SOC) content, available P concentrations estimated 
using the Olsen extraction method, and exchangeable K respectively (Janssen et al., 
1990). This step is however considered the most precarious part of QUEFTS as many 
local environmental factors may influence the relationship between soil chemical data 
and the supply of N, P and K (Sattari et al., 2014), while soil nutrient availability indices 
explain only a portion of the variability in crop yield response to fertilization (Njoroge 
et al., 2017b; Fryer et al., 2019). For example, SOC is often a poor indicator of soil N 
availability (Carsky et al., 1998), with contrasting relationships reported between SOC 
and potential N supply (Njoroge et al., 2017b; Vanlauwe et al., 2004). Uncertainty in 
soil N supply directly affects P and K uptake and yield, resulting in increased uncertainty 
of yield response.  
Given the limited ability of soil analysis to predict expected yield response patterns 
described above, more easily accessible indicators of potential soil supply may provide 
a more cost-effective way of improving yield response predictions. Observed strong 
relationships between yield in control plots without fertilization and soil fertility 
(Vanlauwe et al., 2006) and maize yield response to fertilizer applications (Ichami et 
al., 2019) suggests that control-plot yield is indicative of potential soil nutrient supply. 
Given common practices of minimal or no fertilizer application in smallholder farms of 
SSA, actual farmer yields under current practices may be a better and more cost-
effective predictor of potential soil nutrient supply when compared to soil analysis. This 
study therefore used data from on-farm experiments to assess the accuracy of the 
QUEFTS model in western Kenya. The study also explored options for improving the 
QUEFTS model based on yield in unfertilized control plots. Our specific objectives were 
to: (i) assess the accuracy of QUEFTS in predicting expected yields following balanced 
and imbalanced fertilization under heterogenous farm conditions of western Kenya; to 
(ii) identify limitations; and to (iii) evaluate options for improvements to better predict 
soil N, P and K supply. We hypothesized that current QUEFTS yield response 
predictions can be improved by fine tuning predictions of soil N, P and K supply.   
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4.2 Materials and methods 
4.2.1 The QUEFTS model 
4.2.1.1 Model description 
  
QUEFTS calculates crop yield as a function of soil available and fertilizer N, P and K. 
A major assumption for yield prediction in QUEFTS is that crop growth is not limited 
by factors such as water availability, limited root penetration and poor crop management 
practices. Further, soils should be deep and well drained, with diagnostic soil properties 
within the range for which QUEFTS was tested: pH (H2O) 4.5 – 7.0; organic C <70 g 
kg-1; P-Olsen less than 30 mg kg-1; exchangeable K less than 30 mmol kg-1 (Janssen et 
al., 1990). 
Crop yield modelling in QUEFTS comprises of four successive steps: (1) assessment of 
the potential soil supply of N, P and K based on chemical soil data; (2) calculation of 
the actual uptakes of N, P and K, as fractions of the potential supplies determined in 
Step 1; (3) designation of yield ranges as functions of the actual uptakes of N, P and K 
determined in Step 2; (4) calculation of the ultimate yield estimate by combining the 
three yield ranges established in Step 3. In this paper, we specifically focus on the initial 
relationships established in Step 1 for the assessment of the potential soil supply of N, 
P and K.  
4.2.2 Assessment of potential supply of N, P and K in QUEFTS 
 
The QUEFTS model uses empirical equations to estimate potential soil supplies of 
available N, P, and K based on soil organic carbon (SOC), Olsen-P, exchangeable K, 
and pH. A crucial requirement for the assessment of the potential supply of available 
nutrients from the soil is that all other growth factors, including the availability of other 
nutrients than the one under study, are at optimum level. For that assessment, the 
following relations are used:  
 
 𝑆𝑁 =  𝛼𝑁𝑓𝑁𝐶𝑜𝑟𝑔 
 
(3) 
 𝑆𝑃 =  𝛼𝑃𝑓𝑃𝐶𝑜𝑟𝑔 + 𝛽𝑃𝑃𝑂𝑙𝑠𝑒𝑛 
 
(4) 
 𝑆𝐾 =
𝛼𝐾𝑓𝐾𝐾𝐸𝑥𝑐ℎ
𝛾𝐾 +  𝛽𝐾𝐶𝑜𝑟𝑔
 
 
(5) 
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Where SN, SP and SK are soil supplies of crop available N, P and K respectively; α, β 
and 𝛾 are empirical parameters; and 𝑓I is a pH dependency coefficient that describes the 
pH-dependency of soil organic matter mineralization (eq. 6), P solubility (eq. 7), and K 
exchangeability (eq. 8) (Janssen et al., 1990).  
 𝑓𝑁 = 0.25(pH − 3) 
 
(6) 
 𝑓𝑃 =  1 − 0.5(pH − 6)
2 (7) 
 𝑓𝐾 = 0.625(3.4 − 0.4pH) (8) 
Default parameter values used for empirical parameters were; 2 × 2(19−9)/9 for αN, 0.35 
for αP, 500 for αK, 0.5 for βP, 0.9 for βK and 2.0 for 𝛾𝐾 (Sattari et al., 2014).  
4.2.3 Model evaluation data 
4.2.3.1 Data source 
 
Model evaluation data was derived from the seventh season of consecutive on-farm 
(n=23) nutrient omission experiments conducted in Sidindi area in Siaya County, 
western Kenya, at a latitude of 0.15 oN, a longitude of 34.4 oE and at about 1240 metres 
above sea level. Full details on the study area, characteristic and selection of the sites, 
and experimental design, soil and biomass sampling have previously been reported by 
Njoroge et al. (2017b) and Njoroge et al. (2019). In summary, the trials comprised of a 
set of five treatments including (i) control (no nutrients added), (ii) PK (40 kg P ha-1 + 
60 kg K ha-1), (iii) NK (150 kg N ha-1 + 60 kg K ha-1), (iv)  NP (150 kg N ha-1 + 40 kg 
P ha-1), and (v) NPK (150 kg N ha-1 + 40 kg P ha-1 + 60 kg K ha-1) in plots measuring 10 
m by 10 m, with maize as the test crop. N was applied in three equal splits; at planting, 
at three weeks after emergence, and at six weeks after emergence. Full P and K 
requirements were applied at planting. The same treatments were established on each 
farm without replication i.e., one set of treatments was established on each farm. Trial 
plot locations and allocated treatments remained the same throughout the study period 
over seven seasons (long rains 2013 to long rains 2016). The LR 2016 season was 
however characterised by intermittent rainfall patterns from the midpoint of the growing 
season (data not shown). Specific details on soil and plant, sampling and analysis in the 
long rainy season in 2016 (LR 2016) are provided in the following subsections.  
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4.2.3.2 Soil sampling and biomass assessment 
 
Soil sampling was conducted at the start of LR 2016 at plot (treatment) level prior to 
fertilizer applications. In each plot, soil samples were collected from four points using a 
‘Y frame approach’ at 0-20 cm depth. Collected samples were subsequently placed in a 
bucket and mixed thoroughly before the composite sample was taken. These samples 
from each plot were air dried and passed through a 2 mm sieve prior to chemical analysis 
for properties used in the QUEFTS model.  
At the end of LR 2016, maize was harvested at physiological maturity within a net plot 
of 2.25 m by 3 m including three centre rows in each plot, leaving at least 2 m on each 
side of the centre rows to minimize edge effects. Maize plants in this net plot were cut 
at about 5 cm above the ground, and the total number of plants recorded. Cobs were then 
detached from the stover, total cob numbers recorded, and total cob weight determined 
in the field using a digital scale accurate to 2 decimal places. A representative sample 
of cobs comprising of one ‘large’ and two ‘medium’ sized cobs were then selected, 
weighed and placed in a clearly labelled sample bag for further drying and processing. 
For stover, all stover material from the harvested net plot was weighed using a spring 
balance, and stover weight per plot recorded. Subsequently a sample of the stover was 
taken by selecting five representative plants. These were then cut into 5 cm pieces and 
well mixed before a subsample of 200 g was weighed using a digital scale, and placed 
in a clearly labelled sample bag for further drying and processing. Selected cob and 
stover samples were then air-dried to a constant weight, and weights and the mass 
fraction of air-dry cobs and stover in fresh material were determined and used to 
calculate air-dry grain and stover yield (t ha-1). 
4.2.3.3 Soil and biomass sample analysis 
 
Processed soil and plant samples were analysed at the Lancrop Laboratories in the 
United Kingdom. Soil organic carbon was determined by Dumas combustion on a 
LECO Trumac CNS analyser, while available phosphorus (P) was determined with an 
Olsen extraction followed by colorimetric analysis. Exchangeable potassium (K) was 
determined using atomic absorption spectrometry using ammonium acetate as the 
extracting agent. Soil pH was determined in water using the pH electrode method in a 2 
to 1 water solution. Grain and stover nitrogen (N) contents were determined by Dumas 
combustion on a LECO Trumac CNS analyser. Grain and stover phosphorus (P) and 
potassium (K) contents were determined by inductively coupled plasma emission 
spectrometer following ashing at 500 °C and digestion in a reverse Aqua Regia matrix. 
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4.2.3.4 Correcting for measurement errors in model evaluation data 
 
Plot level measurement errors in biomass, and soil sampling and analysis can increase 
random errors in yield, nutrient uptake, and soil analysis measurements. Best Linear 
Unbiased Predictions (BLUPs) provide a means for removing measurement errors by 
providing an estimate of random effects (Robinson, 1991). To account for plot level 
effects in our model evaluation data, we determined BLUP estimates of maize grain 
yield, total nutrient uptake, SOC, pH, available P, and exchangeable K. For this, mixed 
effects models with grain yield, total nutrient uptake and/or soil chemical parameter as 
the response variable, and treatment as a fixed effect were fit using the ‘lme4’ package 
in R software (Bates et al., 2015; R Core Team, 2017). Variations due to differences 
between fields were accounted for by including the field-identifier as a random effect in 
the mixed models. BLUP estimates of maize grain yield, total nutrient uptake, and 
selected soil chemical parameters were then computed using the ‘predictmeans’ package 
in R software (Dongwen et al., 2018), and compared with measured values to evaluate 
model fit.  
4.2.3.5 Relating control yields to potential soil nutrient supply 
 
To quantify the relationship between maize grain yields in the control treatment plots 
with potential soil N, P and K supply, we first evaluated the relationship between maize 
grain yield in control treatment plots with total N, P and K uptake in PK, NK and NP 
treatment plots respectively. For this, scatterplots of control yield and N, P and K uptake 
in the PK, NK and NP treatment plots were constructed, and the relationship between 
control yields and nutrient uptake visually assessed. Visual assessment indicated a 
piecewise linear increase in N, P and K uptake with increasing maize grain yield in the 
control treatment plots, with a threshold control yield value of about 1 t ha-1. 
Subsequently, segmented lines were used to model the relationship between control 
maize grain yield and nutrient uptake from the soil using the ‘segmented’ package in R 
(Muggeo, 2008). Ensuing model coefficients were then used to create equations for the 
relationship between yield in control treatment plots and soil N, P and K supply in the 
QUEFTS model. 
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4.3  Data and model evaluation 
4.3.1 Data overview 
4.3.1.1 Maize biomass yield and nutrient concentrations in plant and soil 
 
Mean grain and stover dry matter yields were significantly (P<0.05) affected by the 
treatments (Table 4.1), Mean maize grain and stover yields were significantly (P<0.05) 
different and highest in the NPK treatment (Table 4.1). Smaller mean maize grain yields 
(88% dry matter) in NPK treatment plots by up to 0.7 t ha-1 relative to other seasons 
indicated effects of poor rainfall conditions on maize yields in the LR 2016 season 
(Annex A, Fig. A1). Mean grain N, P and K, and stover N and K concentrations 
significantly (P<0.05) differed between treatments (Table 4.1). Treatment without N 
and P applied showed significantly (P<0.05) smaller grain N and P concentrations 
respectively, compared to treatments with these nutrients applied (Table 4.1). Mean 
grain K concentrations in the NK treatment was significantly (P<0.05) larger than in the 
control, PK, NP and NPK treatment plots, while mean contents in the control and NP 
treatment plots were similar to mean grain K in the NPK treatment (Table 4.1). Across 
treatments, mean stover N and P concentrations were smaller than in grains, while mean 
stover K concentrations were larger than in grains (Table 4.1). Mean stover N was 
largest in the NK treatment, with contents significantly (P<0.05) larger than those in the 
control, PK, NP and NPK treatments (Table 4.1). Mean stover P concentrations did not 
differ between treatments, while the NK treatment had significantly (P<0.05) larger 
stover K contents compared to other treatment (Table 4.1). 
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Measured soil chemical properties were largely within the ranges for which QUEFTS 
was tested (Table 4.2). Across treatments, mean organic carbon contents were small (< 
20 g kg-1) and did not differ between treatments, even after 7 seasons (Table 4.2). Soil 
pH was significantly lower in treatments receiving N, compared with treatments with 
no N applied (Table 4.2). Mean P-Olsen values in the PK treatment were significantly 
(P<0.05) larger than in other treatment plots, with mean P-Olsen smallest in the control 
and NK treatment plots (Table 4.2). Exchangeable K concentrations were largest in the 
PK and NK treatments, with mean values in these treatments significantly (P<0.05) 
larger than in the NPK treatment, and in treatments without K applied (Table 4.2). 
 
Table 4.1: Mean maize grain and stover dry matter yield (t ha-1), and nutrient concentration (%) 
in the seventh consecutive season of on-farm (n = 23) nutrient omission trials, in Sidindi, western 
Kenya. 
Parameter  Treatment   
 Control  PK NK NP NPK LSD 
Grain yield (t ha-1)  1.1d 2.0c 2.0c 2.8b 3.5a  0.5 
Stover yield (t ha-1)  1.2c 2.2b 2.6b 3.8a 4.2a  0.8 
         
Grain N (%)   1.17b 1.0c 1.54a 1.56a 1.52a  0.09 
Grain P (%)  0.16b 0.2a 0.17b 0.2a 0.2a  0.02 
Grain K (%)  0.3bc 0.31b 0.34a 0.28c 0.29bc  0.03 
         
Stover N (%)   0.62c 0.41d 1.02a 0.88b 0.75bc  0.14 
Stover P (%)  0.06a 0.06a 0.05a 0.07a 0.06a  0.02 
Stover K (%)  0.78d 0.99bc 1.51a 0.81cd 1.1b  0.21 
Values in the same row followed by a different superscript are significantly different at P<0.05) 
LSD refers to least significant difference between means and applies for each row 
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4.3.1.2 Relationships between nutrient application and maize grain yield 
  
Figure 4.1 illustrates relationships between nutrient application, total nutrient uptake, 
and maize grain yield. Lower quadrants represent relationships between N, P and K 
applications and total N, P and K uptake respectively, while upper quadrants illustrate 
influence of nutrient uptake on maize grain yields (Fig. 4.1). Total N uptake increased 
strongly with fertilizer N application (Fig. 4.1), illustrating the strong contribution of 
fertilizer N application to N uptake. Increasing N uptake corresponded to increasing 
maize grain yields in an almost linear fashion, with about 20 kg N ha-1 uptake per ton 
increase in yield (Fig. 4.1). A similar pattern was observed for total P uptake, with maize 
yield increasing linearly with increasing P uptake, though plant P uptake was less 
strongly influenced by fertilizer P applications (Fig. 4.1). Increasing K uptake generally 
resulted in increasing maize grain yield, though effects were less pronounced (Fig. 4.1). 
Total K uptake patterns were, on average, not strongly influenced by fertilizer K 
applications, with the application of 60 kg K ha-1 not resulting in substantial increase in 
uptake compared to zero K application (Fig. 4.1). Large variations in N, P and K uptake 
at zero application rates (Fig. 4.1) indicated strong differences in soil nutrient supply 
between farms, especially for K.  
 
 
Table 4.2: Mean and range of QUEFTS diagnostic soil properties (0 – 20 cm), in the seventh 
consecutive season of on-farm (n=23) nutrient omission trials, in Sidindi, western Kenya. 
Parameter   Treatment   LSD 
 Control PK NK NP NPK  
OC (g kg-1)  12.1         
(7-17) 
11.9         
(5-17) 
12.4         
(8-17) 
12.1         
(7-16) 
12.0         
(7-19) 
 0.6 
         
pHH2O (1:2)  5.8a         
(5-7.6) 
5.8a          
(5-6.6) 
5.5b      
(4.7-6.6) 
5.5b      
(4.9-6.2) 
5.4b      
(4.9-6.1) 
 0.2 
         
Olsen P  
(mg kg-1) 
 4.8c          
(1-34) 
11.6a        
(2-43) 
4.5c          
(1-19) 
8.4b         
(4-17) 
7.4bc        
(3-14) 
 3.2 
         
Exch.K 
(mmol kg-1) 
 2.5b         
(1-6.8) 
3.4a       
(1.9-6.9) 
3.7a       
(1.6-7.4) 
1.9c      
(0.9-4.4) 
2.3bc      
(1.2-4.7) 
 0.5 
Values in the same row followed by a different superscript are significantly different at P<0.05) 
LSD refers to least significant difference between means and applies for each row 
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4.3.2 Evaluation and calibration of QUEFTS 
4.3.2.1 Yield prediction in the default QUEFTS model 
 
Predicted maize grain yields with the default QUEFTS model were not in line with 
BLUP estimates of measured grain yield (Fig. 4.2a). QUEFTS only explained about 
47% of variation in yield response to fertilization, with an RMSE of 848 (Fig. 4.2a). 
Predicted yield in QUEFTS is a function of both relations between nutrient uptake and 
yield, and relations between soil potential nutrient supply and recovery of applied 
nutrients, and crop uptake. Limitations in yield prediction in QUEFTS may therefore 
result from poor relationships between nutrient uptake and yield, or poor estimation of 
the supply of nutrients from the soil and from applied fertilizer. To evaluate if poor yield 
prediction was related to inadequate relationships between nutrient uptake and yield in 
the QUEFTS model, we substituted nutrient uptake from the soil as estimated by 
potential soil N, P an K supply relations in QUEFTS with actual measurements of N, P 
and K uptake in PK, NK, and NP treatment plots respectively. Improved agreement 
between QUEFTS predicted and BLUP estimates of measured maize grain yield 
demonstrated that QUEFTS captured relationships between nutrient uptake and yield 
well (Fig. 4.2b). This suggested that inadequacies in yield prediction in QUEFTS are 
 
Fig. 4.1: Two quadrants diagrams with graphs for the relationship between total nutrient uptake 
and maize grain yield in the upper quadrants, and the relationship with fertilizer N, P and K 
applications on total N, P and K uptake respectively. Different symbols represent different fields. 
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more likely related to QUEFTS estimation of potential soil nutrient supply, and the 
recovery of fertilizer N, P and K. Observed overestimation of yields in the NP and NPK 
treatment plots in the modified QUEFTS model (Fig. 4.2b) suggested larger recovery of 
applied N in QUEFTS compared to actual recovery, indicating need for calibration of 
recovery values in QUEFTS. The presence of points outside boundary lines of maximum 
nutrient dilution and accumulation also indicated that parameters for maximum and 
dilution and accumulation required calibration (Annex A, Fig. A3). 
 
4.3.2.2 Calibrated QUEFTS parameters  
 
Recovery values for fertilizer N, P and K were estimated by calibration of QUEFTS 
based on yields in NPK plots only. Calibrated recovery rates were 0.35, 0.11 and 0.25 
for N, P and K respectively (Table 4.2). These values were similar to recovery estimates 
of 0.36, 0.11 and 0.29 for N, P and K respectively based on BLUP N, P and K uptakes. 
The calibrated value of maximum accumulation (𝑎) for N was slightly larger than the 
default value, while values for P and K were slightly smaller than default values (Table 
4.2). The calibrated maximum dilution (𝑑) value for N of 100 was substantially larger 
than the default value of 70. Comparatively, calibrated values of maximum P and K 
dilution were only marginally smaller than default values (Table 4.2).  
Yield and nutrient uptake patterns with modified maximum dilution and accumulation 
parameter values illustrated nutrient deficiency and sufficiency patterns between 
treatments and fields (Fig. 4.3). Strongly N diluted conditions in control and PK 
 
Fig. 4.2: Relationship between QUEFTS predicted and BLUP estimates of measured grain yield 
for: a) QUEFTS with N, P and K uptake from the soil based on QUEFTS default equations; b) 
QUEFTS with soil N, P and K supply based on measured total N, P and K uptake in the PK, NK 
and NP treatment plots respectively; and, c) QUEFTS with soil N, P and K supply based on 
measured total N, P and K uptake in the PK, NK and NP treatment plots respectively, with 
calibrated parameter values for N, P, and K maximum dilution and accumulation, and recovery 
rate.   
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treatment plots (Fig. 4.3a) illustrated strongly N deficient conditions for these treatment 
plots, explaining observed changes in values for maximum N dilution (Table 4.2). 
Treatment plots with NPK supplied indicated sufficient N availability, as N was neither 
diluted nor accumulating (Fig. 4.3a). Observed strong N accumulation in some fields in 
plots with NK and NP supplied suggested limitations in plant growth due to deficiencies 
of P and K respectively (Fig. 4.3a). Strongly P diluted conditions in control and NK 
treatment plots reflected effects of continuous cropping with no P application on P 
availability (Fig. 4.3b). The proximity of some points to the maximum P dilution line 
for the relationship between P uptake and yield in NP and NPK treatment points 
suggested insufficient P uptake (Fig. 4.3b). This could be related to limitations in 
recovery of applied fertilizer P. Maize grain yield and K uptake patterns indicated 
strongly K deficient conditions in control treatment plots, while K was accumulating in 
some NK treatment plots (Fig. 4.3c). Patterns of grain yield and total K uptake in NP 
treatment plots indicated that while some fields were strongly deficient of K, other fields 
still had substantial K stocks despite seven consecutive seasons of cropping without 
fertilizer K application (Fig. 4.3c). 
 
 
 
Table 4.3: Default and calibrated parameter values of average fertilizer efficiency, physiological 
efficiency at maximum accumulation of nutrient (a), and maximum dilution of nutrient (d) in the 
seventh consecutive season of on-farm (n=23) nutrient omission trials in Sidindi, western Kenya. 
Parameter   Nutrient  Default values 
(Janssen et al., 1990) 
 
 Calibrated values 
Fertilizer recovery fraction N 0.50 0.35 
 P  0.10  0.11 
 K  0.50  0.25 
       
Physiological efficiency at 
maximum accumulation (a) 
(kg grain kg-1 nutrient) 
 N  30  36 
 P  200  188 
 K  30  24 
       
Physiological efficiency at 
maximum dilution (d) 
(kg grain kg-1 nutrient) 
 N  70  100 
 P  600  588 
 K  120  114 
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Calibration of parameter values for fertilizer N, P and K recovery, and maximum 
accumulation and dilution resulted in substantial improvements in QUEFTS estimated 
uptake of applied N, while improvements in estimated uptake of applied P and K were 
minimal (Annex A, Fig. A4). Calibration did not however improve QUEFTS yield 
predictions (Fig. 4.2c). Calibration results strongly suggested the need to evaluate 
relationships for potential soil nutrient supply in QUEFTS.  
4.3.2.3 QUEFTS yield prediction with soil nutrient supply based on control yields 
 
Potential soil N, P and K supply relations in QUEFTS imply correlation between SOC, 
P-Olsen and exchangeable K, and total N, P and K uptake in PK, NK and NP treatment 
plots. BLUP total N and P uptake were however poorly related to BLUP estimates of 
SOC and P-Olsen respectively, with only exchangeable K closely related to total K 
uptake (Annex A, Fig. A5b, A5d & A5f). This suggested poor estimation of potential 
soil N and P supply in the default QUEFTS model. On the contrary, grain yield in the 
control treatment plot was closely related to N, P and K uptake in PK, NK and NP 
treatment plots respectively (Annex A, Fig. A5a, A5c & A5e). Using estimated 
coefficients from relationships between grain yield in the control treatment plots and 
 
Fig. 4.3: Relationship between maize grain yield and: a) total N uptake; b) total P uptake c) total 
K uptake in the seventh consecutive season of on-farm nutrient omission trials (n = 23) in 
Sidindi, western Kenya. Black and red upper and lower lines are maximum nutrient dilution 
and maximum nutrient accumulation lines respectively based on the default (Janssen et al., 
1990) and calibrated values respectively.   
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nutrient uptake, new relationships for estimates of soil nutrient supply in QUEFTS were 
used based on equations 9 – 11 below. 
 𝑆𝑁 = 5.001 + 0.0233𝑌𝐶 ;  𝑖𝑓 𝑌𝐶 > 1070, 𝑆𝑁 = 𝑆𝑁 − 0.0121𝑌𝐶 (9) 
 
 
Where 𝑌𝐶  is grain yield in the control treatment plot.  
Estimation of potential soil nutrient supply using new relations based on maize yield in 
control treatment plots significantly improved maize yield prediction in the QUEFTS 
model, explaining up to 65% of variation in yield response to fertilization (Fig. 4.4). In 
this figure, relationships for measured and predicted yield in NPK treatment plots offer 
the most legitimate evaluation points for model improvement. This is due to the 
expected influence of yield predictions in the PK, NK and NP treatments by the prior 
estimation of potential soil nutrient supply based on relationships between nutrient 
uptake in these treatment plots, and yield in the control treatment plots. Observed closer 
agreement between measured and QUEFTS predicted yield in NPK treatment plots (Fig. 
4.4) however confirms the superiority of potential nutrient supply based on measured 
yield in unfertilized plots compared to the use of soil analysis data (Fig. 4.2a).  
 𝑆𝑃 = −1.396 + 0.0068𝑌𝐶 ;  𝑖𝑓 𝑌𝐶 > 1070, 𝑆𝑃 = 𝑆𝑃 − 0.0024𝑌𝐶 (10) 
 𝑆𝐾 = −5.905 + 0.0535𝑌𝐶;  𝑖𝑓 𝑌𝐶 > 1070, 𝑆𝐾 = 𝑆𝐾 − 0.0394𝑌𝐶 (11) 
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4.4 Discussion 
  
A thorough understanding of maize yield responses to a variable supply of 
macronutrients is important to optimize recommendations to field conditions (Cassman, 
1999), following the 4R principles (Johnston and Bruulsema, 2014). The QUEFTS 
model with default parameters (Janssen et al., 1990) explained about 47% of variation 
in observed yields, yet with a bias and substantial errors (RMSE 848 kg ha-1), and did 
not accurately predict maize grain yields following balanced and imbalanced 
fertilization under variable soil fertility conditions. We found that relationships between 
nutrient uptake and yield were accurate. Subsequent calibration of parameter values for 
recovery, and maximum accumulation and dilution of N, P and K did not improve model 
predictions sufficiently. Limitations in QUEFTS yield prediction were linked to poor 
estimation of soil nutrient supply based on current relations for soil nutrient supply. In 
particular measured SOC and P-Olsen were poor indicators of soil supply and crop N 
and P uptake. Poor relationship between soil nutrient supply and soil properties in Step 
1 of QUEFTS was also reported by Smaling and Janssen (1993), Saïdou et al. (2003) 
and Shehu et al. (2019), with re-calibration required to improve relationships between 
soil properties and soil nutrient supply. Recently recalibrated relationships for soil 
 
Fig. 4.4: Relationship between QUEFTS predicted and measured grain yield, with potential soil 
nutrient supply in the QUEFTS model based on maize grain yield in the unfertilized control 
treatment plot. 
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nutrient supply for on-farm studies in Nigeria (Shehu et al., 2019) did not result in better 
uptake estimates (not shown) for our study in western Kenya, indicating the need for 
site specific calibration of soil nutrient supply relations. This requirement presents a 
challenge for the effective use of QUEFTS for crop yield predictions and responses to 
fertilizer applications on individual smallholder farms. 
Calibrated N and K fertilizer recovery rates were lower than default values in the 
QUEFTS model. Lower recovery values are expected given that NPK yields in LR 2016 
were significantly lower than in other seasons by 0.7 t ha-1. We know that soil supply 
was larger in the NPK plots than in NP for K, PK for N and NK for P. However, the 
apparent recovery when based on the BLUP uptake estimates was similar to the 
calibrated values. This suggests that calibration accounted for lower yields by lowering 
recovery values considering that relationships between uptake and yield were in line 
with default QUEFTS. A 700 kg ha-1 extra yield under balanced nutrition would have 
required an additional 14, 1.75 and 9.3 kg ha-1 respectively of N, P and K uptake from 
fertilizer. This translates to an increased recovery of 0.093 for N, 0.044 for P and 0.16 
for K, resulting in an estimated recovery for normal seasons of 0.45 for N, 0.15 for P 
and 0.45 for K. These values are very much in line with expectations considering that 
fertilizer P was placed close to the planting hole (Van der Eijk et al., 2006). Shehu et al. 
(2019) recently reported N, P and K recovery rates of 0.32-0.42, 0.08-0.16, and 0.37-
0.54 respectively in farms in Nigeria following the application of 120-140, 40-50 and 
40-50 kg ha-1 of fertilizer N, P and K respectively. The lower recovery rates were 
observed in the Sudan Savanna zone, with poor rainfall conditions that limited yields, 
while values in the Guinea Savanna zone were comparable to default values in 
QUEFTS, (Shehu et al., 2019). This is in line with our observed effects of poor rainfall 
conditions on recovery of fertilizer N, P and K.  
Apart from the previously identified need for recalibration, soil analysis based estimates 
of soil nutrient supply are further hampered by the inability of soil analysis to effectively 
capture differences in soil nutrient supply between and within farms. Previous findings 
showed that soil analysis was poorly reflective of strong variations in soil nutrient supply 
between farms (Njoroge et al., 2017b; Njoroge et al., 2019). Working in western Kenya, 
Vanlauwe et al. (2006) reported that soil total N explained up to 44% of the variation in 
maize yield response to N in one study area, with no relationship observed between soil 
total N and maize yield response to N in a separate study area. These contrasting effects 
of measured total soil N on soil N supply were linked to differences in quality of applied 
organic resources between sites (Vanlauwe et al., 2006; Vanlauwe et al., 2002), 
resulting in substantial differences in soil available N that were not reflected in 
measurements of soil total N or soil organic matter. Given the frequently documented 
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strong variations in soil fertility at the farm level (Zingore et al., 2007a; Tittonell et al., 
2005b), the use of soil analysis in assessment of differences in plant available soil 
nutrient stocks between fields remains a major challenge.  
Improved QUEFTS crop yield predictions based on estimates of N, P and K supply from 
the soil based on unfertilized plots suggest that plants are a more accurate source of 
information on soil nutrient supply. A key assumption here is that nutrient contents are 
reasonably constant, and yield variation in unfertilized plots is determined by variation 
in soil nutrient supply. Yields in unfertilized control treatment plots have previously 
been used to interpret (Kihara et al., 2015; Ronner et al., 2016; Kihara and Njoroge, 
2013), and explain crop yield response patterns to fertilizer applications on smallholder 
farms of SSA (Ichami et al., 2019). Theoretical relationships between for example, crop 
yield with fertilizer N applications and yield in unfertilized control treatment plots have 
also been developed (Vanlauwe et al., 2011), underscoring the utility of crop yields in 
unfertilized plots as an indicator of soil nutrient supply. Given that crop yield is among 
the key indicators of soil quality (Murage et al., 2000; Kuria et al., 2019) and easily 
assessed by farmers (Mairura et al., 2007), a plant based approach to soil nutrient supply 
assessment appears feasible once developed relationships are tested on a broad range of 
fields. For example, actual farm yields are part of the diagnostic criteria for estimating 
soil nutrient supply and predicting expected crop yield response to fertilizer application 
in Nutrient Expert (NE) a fertilizer decision support tool based on initial relationships 
established in the QUEFTS model (Pampolino et al., 2012). Improved predictions of the 
expected crop yield response to fertilizer application using NE has enabled farmers in 
major cereal cropping systems in Asia substantially increase yields and fertilizer use 
efficiency (Pasuquin et al., 2010; Xu et al., 2014; Chuan et al., 2013).  
By accounting for effects of interactions between N, P and K uptake on final yield, 
QUEFTS serves as one of the most versatile tools for refining predictions of crop yield 
responses to fertilizer use. QUEFTS also perfectly captures nutrient uptake and yield 
relationships. While relationships for soil nutrient supply remain the weak-link in 
QUEFTS, it is clear that modified relations that improve soil nutrient supply estimates 
significantly improve yield response predictions. Yields in unfertilized control treatment 
plots provide a means for better estimating soil N, P and K supply. Given the minimal 
fertilizer application rates in the majority of smallholder farms of SSA, it is expected 
that actual farm yields are indicative of the soil nutrient supply potential. Accurately 
measured crop yields under current farmer management therefore present a means for 
improving soil nutrient supply estimates in QUEFTS. Plant analysis followed by 
assessment of relationship between grain yield and nutrient uptake can be used to 
identify nutrient deficient conditions: by comparing N and P concentrations in grain and 
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K concentrations in stover with reported values in literature; or by calculated values of 
optimum N, P and K dilution and accumulation with values from literature (Janssen et 
al., 1990), and this study. The use of the QUEFTS to simulate balanced nutrient uptake 
requirements for N, P and K across a range of potential maize yield values has further 
provided a means for estimating maize nutrient requirements at different yield targets 
for a range of environments (Setiyono et al., 2010). Reported linear relationships 
between balanced uptake and up to 60 -70% of potential yields provide a means for 
estimating maize N, P and K requirements based only on potential yield and yield target 
in situations where N, P and K are the main limiting nutrients (Setiyono et al., 2010). 
This indicates that while QUEFTS does not accurately capture between-field variation, 
it can be useful at the regional scales to provide estimates of fertilizer recommendations 
based on balanced nutrient uptake requirements per ton of grain (ten Berge et al., 2019) 
and expected fertilizer recovery rates. Field level fine tuning of such recommendations 
can then be conducted based on local target yields, and estimates of soil nutrient supply 
based on past nutrient management practices and current yields based on farmer input, 
as currently implemented in the Nutrient Expert (Pampolino et al., 2012). 
4.5 Conclusions 
 
The original QUEFTS model did not accurately predict maize grain yields following 
balanced and imbalanced fertilization. Limitations in yield prediction were linked to 
poor estimation of soil nutrient supply based on current relationships for soil nutrient 
supply. Calibrated values for fertilizer N and K recovery were lower than default values 
in QUEFTS, while recovery rate for fertilizer P was similar to the default value in 
QUEFTS. Lower fertilizer N and K recovery rates were linked to limitations in rainfall 
during the growing season, and depleted soil nutrient stocks in treatments with nutrients 
omitted. QUEFTS accurately captured relationships between nutrient uptake and maize 
yield. Modified relationships for soil nutrient supply based on yield in the unfertilized 
control treatment plots resulted in improved maize grain yield predictions under variable 
soil fertility conditions. The need to re-calibrate equations for soil nutrient supply and 
the inability of soil analysis to effectively capture differences in soil fertility between 
fields suggests that current understanding of mineralisation and soil nutrient supply is 
insufficient. This indicates that with current relationships for soil nutrient supply based 
on soil analysis data, QUEFTS is not suited for field-specific recommendations under 
the heterogenous soil fertility conditions typical for SSA. 
We conclude that improved relationships that provide better estimates of soil nutrient 
supply in Step 1 of QUEFTS are required for improved predictions of expected yield 
response to fertilizer applications at the farm level. Plant based approaches for 
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assessment of soil nutrient supply offer a promising option once relationships between 
yields in unfertilized plots and nutrient uptake are further validated. In practise, N and 
P fertilization will be needed for many years on strongly depleted soils while the need 
for K can be guesstimated from the use of animal manure (Njoroge et al., 2019) and 
stover K concentrations. K fertilization will however be a requirement at high target 
yields irrespective of current soil stocks. Further, relationships between balanced N, P 
and K uptake and maize yield, combined with desired yield increments offer an 
alternative for recommendations when other factors are not limiting growth.  
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Feed the crop, not the soil: Regenerating crop productivity on nutrient depleted soils in 
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Abstract  
Soils with depleted and imbalanced nutrient stocks limit crop productivity on 
smallholder farms of sub-Saharan Africa (SSA). We assessed patterns of maize grain 
yield response and changes in soil nutrient stocks following combined fertilizer nitrogen 
(N), phosphorus (P) and potassium (K) applications on strongly nutrient depleted soils 
in the Sidindi area of western Kenya. Experiments were conducted in smallholder 
farmers’ fields over eleven consecutive seasons covering the period 2013 – 2018. We 
used data from on-farm nutrient omission experiments, and balanced NPK experiments 
established in former nutrient omission plots. Maize yields responded strongly to 
balanced NPK fertilization on strongly nutrient depleted soils. Mean yields in the second 
season of combined NPK application on strongly depleted soils were 5.5, 6.7, 6.5 and 
7.0 t ha-1 at 88% dry matter in the former control, PK, NK and NP treatment plots 
respectively, compared with 7.5 t ha-1 in the long-term NPK treatment plots. We 
conclude that strongly nutrient depleted clay rich soils such as those of western Kenya 
are responsive to balanced NPK applications, and no prior investments to rebuild 
nutrient stocks and soil organic matter are required for crop yields to be increased. 
Adjustments of initial yield expectations are however required in the first one to two 
seasons of balanced fertilization on strongly P and K depleted soils. Our results support 
a strategy of feeding the crop directly, rather than the approach of feeding the soil to 
feed the crop that is often recommended. 
Key words: Responsive soils, balanced fertilization, nutrient stocks, sub-Saharan Africa  
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5.1  Introduction 
 
Continuous cultivation with little or no nutrient replenishment, which is widespread in 
sub-Saharan Africa, leads to declines in soil organic matter contents and poor soil 
fertility resulting in poor crop yields (Sanchez, 2002; Kihara et al., 2015). Sanchez et al. 
(1997) argued for the need to replenish soil fertility in Africa to address poor crop 
productivity yet the problem persists. Soil scientists often suggest the need to “feed the 
soil not the crop”, which is aligned with the idea of soil fertility replenishment. Over the 
past 20 years, a broad consensus has emerged on the need to manage all of the scarce 
nutrient resources efficiently through integrated soil fertility management (Vanlauwe et 
al., 2010). The quantities of organic manures available are generally too limited to meet 
crop nutrient requirements, so nutrients need to be added through fertilizers to raise 
productivity (Vanlauwe et al., 2015).  
Crop responses to commonly available fertilizers on nutrient depleted soils are highly 
variable and difficult to predict (Zingore et al., 2007a; Vanlauwe et al., 2011). This is 
largely linked to differences in the extent of nutrients depletion, as nutrient depletion 
rates depend on both differences in field management, and soil properties (Sanchez et 
al., 1997). Improvements in the prediction of crop responses to fertilizer application in 
nutrient depleted soils is therefore required, as fertilizer use is a prerequisite for 
substantial improvements in crop productivity in SSA (Vanlauwe et al., 2015).  
Detailed studies on patterns of crop yield responses following fertilizer application in 
nutrient depleted soils in the SSA region are limited. Most of the few studies conducted 
have been restricted to research stations (Bationo et al., 2012b), where conditions are 
often quite different from those on farmers’ fields. Where studies have been conducted 
on-farm, selection of nutrient depleted fields has been based on: location of fields from 
the homestead (Vanlauwe et al., 2006); soil texture and past management (Zingore et 
al., 2007b); and or farmer observed declines in crop yield (Nezomba et al., 2010). There 
is therefore a paucity of long-term yield response studies on nutrient depleted soils on 
smallholder farms.  
On-farm nutrient omission trials conducted over multiple seasons in western Kenya 
(Njoroge et al., 2017b) provide sites that support the assessment of nutrient response 
patterns in severely N, P and K depleted soils. Balanced fertilizer application in these 
soils offers an opportunity for the assessment of short-term patterns of changes in crop 
productivity and soil nutrient stocks on smallholder farms in SSA with nutrient depleted 
soils, and imbalances in plant available nutrients. Comparisons of experimental findings 
with model estimates further offers the opportunity to evaluate and improve model 
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predictions, allowing for more refined model predictions at scale. The RC-P model 
which predicts crop response to fertilizer P based on recovery of applied fertilizer P, and 
changes in soil P pools (Wolf et al., 1987), has proved successful in predicting patterns 
of crop P uptake to P fertilization in soils with varying P stocks (Janssen et al., 1987). 
Given the model’s minimal data requirements (Wolf et al., 1987), it is suited for use in 
the frequently data scarce environment of SSA. Improved understanding of crop yield 
response to in particular fertilizer P is critical as previously observed strong spatial 
temporal yield responses to fertilizer N, P and K applications in the western Kenya 
region were mainly attributed to large differences in yield response to fertilizer P 
application (Njoroge et al., 2017b). This study therefore aimed at improving the 
understanding of changes in crop productivity and soil nutrient stocks following 
fertilizer N, P and K application on soils subjected to long-term nutrient depletion. We 
hypothesized that nutrient depleted soils in western Kenya are responsive to balanced 
NPK applications but nutrient recovery depends on the status of soil nutrient pools. Our 
specific objectives were to: (i) assess patterns of crop productivity following N, P and 
K application on strongly N, P and/or K depleted soils; (ii) evaluate the resilience of soil 
nutrient stocks; (iii) assess the short-term recovery of past N, P and K applications on 
soils with imbalanced nutrient stock; and (iv) evaluate the capacity of the RC-P model 
to simulate crop P uptake in soils with imbalanced nutrient supplies.  
5.2 Materials and methods 
5.2.1 Study area and experiments 
 
The study was conducted in Sidindi, western Kenya, at a latitude of 0.15 oN, a longitude 
of 34.4oE and at about 1240 metres above sea level. Annual rainfall ranges from 1600 – 
2000 mm and is distributed over two distinct seasons with a long rainy (LR) season from 
March to July and a short rainy (SR) season from September to December. Full details 
on the study area, characteristic and selection of the sites are provided by Njoroge et al. 
(2017b). The study comprised of three experimental phases conducted across the period 
2013 to 2018 with maize as the test crop. In all three experiments, a short-season maize 
variety DK8031 was sown at the recommended spacing (75 × 25 cm) to give 53,333 
plants ha-1 after thinning. Two seeds were sown per planting station and thinned to one 
plant at two weeks after emergence. All plots were weeded manually at three and six 
weeks after emergence. Specific details of each experimental phase are described below.  
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5.2.1.1 First experimental phase  
 
The first experimental phase (Phase 1) comprised of nutrient omission trials established 
at the onset of the long rainy season in 2013 on 23 different farmers’ fields considered 
representative of the study area based on socio-economic characteristics and soil 
conditions (Njoroge et al., 2017b). This experiment ran for seven seasons (long rains 
2013 to long rains 2016). In each farm, urea, triple super-phosphate (TSP) and muriate 
of potash (MOP) were used as N, P and K sources, respectively, to establish a set of five 
treatments including: (i) control (no nutrients added); (ii) PK (40 kg P ha-1 + 60 kg K 
ha-1); (iii) NK (150 kg N ha-1 + 60 kg K ha-1); (iv)  NP (150 kg N ha-1 + 40 kg P ha-1); 
and, (v) NPK (150 kg N ha-1 + 40 kg P ha-1 + 60 kg K ha-1) in plots measuring 10 m by 
10 m. The same treatments were established on each farm without replication i.e., one 
set of treatments was established on each farm. Trial plot locations and allocated 
treatments remained the same throughout the experimental period. Yield response 
patterns to varied fertilizer N, P, and K application in the first six cropping seasons of 
this experiment have been previously reported by Njoroge et al. (2017b).  
5.2.1.2 Selection of fields for Phases 2 of the experiment  
 
Selection of fields for the second phase (Phase 2) of the experiment was conducted at 
the end of the Phase 1. Out of the initial 23 fields used in Phase 1, 17 fields were 
available for continuation in Phase 2. Out of these 17 fields, four fields were reserved 
for an experiment aimed at assessment of the recovery of past applications of N, P and 
K with NPK omission trials (Phase 2-NOT). Selection of these four fields was based on 
findings from Phase 1 of the experiment that identified distinct N, P and K yield 
response clusters (Njoroge et al., 2017b), and showed that past manure application was 
a key factor explaining yield response to especially P and K (Njoroge et al., 2019). 
Subsequently, three fields without past manure applications that included: (i) two fields 
strongly responsive to N, P and K; and (ii) one field strongly responsive to N and P, but 
with moderate response to K were selected. A fourth field which had past manure 
application, and showed strong response to N, moderate response to P, and minimal 
response to K application was also included. In these four fields, a final season of 
nutrient omission trials established in Phase 1 was conducted in the SR 2016 season to 
confirm observed response patterns. The remaining thirteen fields were reserved for an 
experiment where all plots were fertilized with NPK (Phase 2-NPK). This experiment 
included eleven fields with past manure application, and two fields without past manure 
application.  
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5.2.1.3 Experimental Phase 2-NPK   
 
Phase 2-NPK experiment was established at the onset of the short rainy season in 2016 
to assess maize yield response, and changes in soil nutrient stocks following combined 
N, P and K application on nutrient depleted soils. For this, each of the five nutrient 
omission trial plots previously under control, PK, NK, NP and NPK treatments in Phase 
1 were converted to full NPK treatments in the entire 10 m by 10 m plot area. This was 
achieved by applying nutrients previously omitted in each of the prior nutrient omission 
treatments, to give a total of five NPK treatment plots that differed in past nutrient 
application. N, P and K application rates were similar to those of the initial full NPK 
treatment (150 kg N ha-1 + 40 kg P ha-1 + 60 kg K ha-1). The Phase 2-NPK experiment 
ran for four consecutive seasons (short rains 2016 to long rains 2018) without changing 
allocated treatments and trial plot locations. In the last cropping season, the number of 
fields reduced to eight following the withdrawal of some farmers from the experiment.  
5.2.1.4 Experimental Phase 2-NOT  
 
Phase 2-NOT of the experiment was established at the onset of the long rainy season in 
2017 in the preselected four fields from Phase 1 of the experiment. This experiment 
comprised of superimposed nutrient omission trials and aimed to assess the recovery of 
past N, P and K applications on soils with imbalanced nutrient stocks. For this, each of 
the previous five nutrient-omission treatment plots were subdivided into four sub-plots 
each measuring 4.5 m by 4.5 m with 1 m wide paths separating individual sub-plots. In 
each of the sub-plots, a set of four treatments including: (i) PK (40 kg P ha-1 + 60 kg K 
ha-1); (ii) NK (150 kg N ha-1 + 60 kg K ha-1); (iii)  NP (150 kg N ha-1 + 40 kg P ha-1); 
and, (iv)  NPK (150 kg N ha-1 + 40 kg P ha-1 + 60 kg K ha-1) were established to give a 
total of twenty sub-plots in each field (Fig. 5.1). These trials were run for three 
consecutive seasons (long rains 2017 to long rains 2018) without changing allocated 
treatments and trial sub-plot locations. 
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Fig. 5.1: Schematic representation of the experimental layout in Phase 2-NOT. Bold lines indicate 
boundaries of initial nutrient omission treatment plots in Phase 1, with the respective treatment names 
in bold. 
5.2.2 Soil sampling  
 
Initial soil sampling was conducted at the onset of Phase 1 with a single bulked sample 
from each experimental site (field) in February 2013 and reported by Njoroge et al. 
(2017b). To assess changes in soil nutrient stocks following varied nutrient application, 
subsequent soil sampling was conducted at plot (treatment) level. Sampling intervals 
were scheduled at three phases: (i) end of the third season in Phase 1 (August 2014); (ii) 
start of the last season in Phase 1 (February 2016); and, (iii) start of the last season of 
Phase 2-NPK and Phase 2-NOT (February 2018). In all instances, soil samples were 
collected in each plot from four points using a ‘Y frame approach’ at 0-20 cm depth. 
Collected samples were subsequently placed in a bucket and mixed thoroughly before 
the composite sample was taken. After each sampling period, soil samples were air dried 
and passed through a 2 mm sieve and well stored prior to chemical analysis. At the end 
of the study period, all samples from the three sampling periods were analysed as one 
batch at Lancrop Laboratories in the United Kingdom. Total nitrogen (N) and organic 
carbon were both determined by Dumas combustion on a LECO Trumac CNS analyser, 
while samples for total phosphorus (P) and total potassium (K) analysis were prepared 
in a MARs Xpress microwave digester in a reverse Aqua Regia matrix, followed by 
analysis on an Agilent ICP-OES spectrometer. Available phosphorus (P) was 
determined following Olsen extraction followed by colorimetric analysis. Exchangeable 
bases (Ca, Mg, K and Na) were determined using atomic absorption spectrometry using 
ammonium acetate as the extracting agent. Soil pH was determined in water using the 
pH electrode method with a ratio of 1:2. 
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5.2.3 Grain yield 
 
In all experiments, maize was harvested at physiological maturity within a net plot of 
2.25 m by 3 m including three centre rows in each plot, leaving at least two rows on 
each side of the centre rows to minimize edge effects. After harvesting, total plant and 
cob numbers were recorded, and total cob weight determined in the field using a digital 
scale accurate to two decimal places in grams. Grain moisture content was determined 
using a moisture tester (Dickey John Mini GAC, Minneapolis USA). Grain yield in each 
plot was then converted to yield per hectare on a 12% moisture basis.  
5.2.4 Total nutrient uptake 
 
Total nutrient uptake was assessed in the final season of each phase of the experiments. 
For Phase 1, total nutrient uptake was assessed at the end of the long rainy season in 
2016, while for Phase 2, total nutrient uptake was assessed at the end of the long rainy 
season in 2018. Nutrient uptake in grain and stover was calculated following 
determination of grain and stover nutrient concentrations at the Lancrop Laboratories in 
the United Kingdom. For this, representative subsamples of air-dried stover and grain 
were oven dried for 48 hours at 60 °C and then ground to pass a 1 mm screen. Total 
grain and stover nitrogen (N) contents were determined by Dumas combustion on a 
LECO Trumac CNS analyser. Other macro and micronutrients were determined by 
inductively coupled plasma emission spectrometer following ashing at 500 °C and 
digestion in a reverse Aqua Regia matrix. Nutrient uptake in grain and stover were 
determined as a function of grain and stover nutrient concentrations, and grain and 
stover dry matter yields respectively. Total nutrient uptake for each nutrient was then 
calculated as the sum of grain and stover nutrient uptake in each treatment plot. 
5.2.5 The RC-P Model 
5.2.5.1 Model description 
 
The RC-P model is a simple model designed to calculate the long-term recovery of 
fertilizer P (Wolf et al., 1987). In the model, two dynamic pools of P are distinguished, 
a labile and stable pool. The labile pool is defined as that P stored in the soil that has an 
availability to crops equal to that of the labile fraction of broadcast fertilizer, while the 
stable pool comprises that store of soil P to which the time constants of transfer apply 
(Wolf et al., 1987). Crops P uptake in the model is supplied from the labile pool, while 
the stable pool serves as a slow-release buffer that replenishes the labile pool. With time 
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intervals of 1 year, the model calculates the P transfers between the pools, the uptake of 
P by the crop, and the resulting pool sizes (Wolf et al., 1987).  
5.2.5.2 Modelling P uptake in nutrient-depleted fields 
 
The ability of the RC-P model to predict total P uptake following fertilizer P application 
in P depleted soils was assessed by comparing model predicted total P uptake, and 
estimated and measured total P uptake in Phase 2-NOT. The RC-P model was modified 
to account for direct uptake of P from placed fertilizer following fertilizer P placement 
in P depleted soils. Resulting predictions of total P uptake based on both the original 
and modified RC-P model were then compared with estimated total P uptake in the three 
cropping seasons, and against measured total P uptake in the last season of Phase 2-
NOT. Full details on: (i) model input data and model parameters; (ii) determination of 
initial P pool sizes; (iii) accounting for direct uptake of placed fertilizer P in P depleted 
soils; (iv) modelling of P uptake in P depleted soils; and, (v) estimation of total P uptake 
following fertilizer P application in P depleted soils, are provided in Annex B.  
5.2.6 Statistical analysis  
 
Maize yield response to combined NPK application in Phase 2-NPK was evaluated as 
the difference in mean seasonal maize grain yield in NPK plots differing in past nutrient 
application. For this, a mixed effects linear model with grain yield as the response 
variable, and ‘past treatment’ and ‘season’ as fixed effects was fitted in R software (R 
Core Team, 2017) using the package ‘lme4’ (Bates et al., 2015). A random effect of 
‘farm’ was included in the model to account for differences between farms. Significant 
effects of model parameters on grain yield were evaluated using the ‘lmerTest’ package 
in R software (Kuznetsova et al., 2017), while model estimated means and least 
significant differences (LSD) values for mean separation were computed using the 
‘predictmeans’ package in R software (Dongwen et al., 2018). To assess spatial-
temporal patterns of crop productivity following combined NPK application in nutrient 
depleted soils, seasonal relative yield in former nutrient omission plots was calculated 
as the ratio of the grain yield in NPK plots with nutrients previously omitted, and the 
grain yield in the long-term NPK treatment in the same field. Plot level relative yields 
were then sorted in increasing order and plotted against the cumulative frequency. To 
assess short-term recovery of past N, P and K applications on soils with imbalanced 
nutrient stocks (Phase 2-NOT), we assessed differences in mean grain yields in 
superimposed nutrient omission plots with similar past nutrient application in the initial 
nutrient omission experiment (Phase 1). For this, grain yield data from Phase 2-NOT 
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was subset based on each of the past treatments in Phase 1. Using each of these subset 
datasets, mixed models with grain yield as the response variable, and ‘new treatment’ 
and ‘season’ as fixed effects were fitted. A random term ‘farm’ was included to account 
for differences between farms. The resilience of soil nutrient stocks was assessed by 
evaluating temporal patterns in soil organic carbon and soil N, P and K concentrations. 
For these, differences in mean soil contents between and within treatments for soils 
sampled at different intervals in the same fields were evaluated using mixed models.  
5.3 Results  
5.3.1 Phase 1 
5.3.1.1 Effect of sustained imbalanced nutrient applications on soil fertility and maize 
yields  
 
Plot level means of selected soil properties, mean maize grain yield, and total N, P and 
K uptake in the last season of Phase 1 showed a strong influence of past continuous 
cropping with imbalanced or no nutrient applications on soil fertility and crop 
productivity in fields selected for Phase 2-NPK and Phase 2-NOT (Table 5.1). Mean 
available soil nutrients, maize grain yields, and nutrient uptake were generally larger in 
fields selected for Phase 2-NPK, which were dominated by fields with past manure 
applications prior to Phase 1 (Table 5.1). Both sets of fields were however characterised 
by low (<15 g kg-1) mean organic carbon contents, with minimal differences in mean 
contents between treatments (Table 5.1). Sustained cropping with no fertilizer 
applications resulted in depletion of plant available nutrients as indicated by the small 
mean available P and exchangeable K concentrations in the control treatment plots for 
both Phase 2-NPK and Phase 2-NOT fields (Table 5.1). On the other hand, imbalanced 
PK applications resulted in larger soil concentrations of available P and exchangeable 
K compared with concentrations observed under balanced NPK application (Table 5.1). 
Larger mean exchangeable K concentrations following sustained imbalanced NK 
applications accompanied by small concentrations of available P indicated imbalanced 
availability of soil nutrients (Table 5.1). A similar pattern was observed for imbalanced 
applications of NP where soil available P concentrations were larger (>7 mg kg-1) 
relative to those in treatments with no P applied (<4 mg kg-1), while mean exchangeable 
K concentrations were small (Table 5.1). 
Sustained cropping with no nutrient applications strongly affected yields as indicated by 
mean maize grain yields of 1.8 and 0.8 t ha-1 for fields selected for Phase 2-NPK and 
Phase 2-NOT respectively (Table 5.1). For both categories, balanced NPK application 
resulted in larger yields by up to 3 t ha-1 (Table 5.1). Imbalanced nutrient applications 
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also resulted in depressed yields, especially where P and K availability was low e.g. the 
NK and NP treatments for fields selected for Phase 2-NOT (Table 5.1). 
For both Phase 2-NPK and Phase 2-NOT fields, mean total N, P and K uptake were 
largest and smallest in the NPK and control treatment plots respectively (Table 5.1). 
Near similar mean total N uptake in the PK treatment for the two field categories was 
indicative of similar degree of N limitation (Table 5.1). The very low (1.5 kg P ha-1) 
mean total P uptake observed for the NK treatment in Phase 2-NOT fields indicated very 
strong P limitations in these fields, while limitations were less strong in Phase 2-NPK 
fields (Table 5.1). Mean total K uptake of 10.5 kg K ha-1 in the NP treatment in fields 
selected for Phase 2-NOT, compared with mean uptake of 51.4 kg K ha-1 uptake for the 
same treatment in fields selected for Phase 2-NPK also indicated very strong K 
limitations in fields selected for Phase 2-NOT. 
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5.3.2 Phase 2-NPK 
5.3.2.1 Maize yield response to NPK application in nutrient depleted soils  
 
Mean maize grain yields following balanced NPK application in plots differing in past 
nutrient applications indicated strong yield response to NPK application on strongly 
depleted soils (Table 5.2). In three out of four seasons, mean maize yields in treatment 
plots with nutrients previously omitted were not significantly different from yield in the 
long-term NPK treatment plot (Table 5.2). Significantly (P<0.05) smaller yields relative 
to yield in the long-term NPK treatment plot were, however, observed in the second 
cropping season in the former control, PK, and NK treatment plots. Significantly 
Table 5.1: Mean values of selected soil properties (0 – 20cm), maize grain yield, and total nutrient 
uptake after the long rainy season of 2016 (end of Phase 1) in: fields (n = 13) selected for 
establishment of balanced NPK application trials (Phase 2-NPK); and in fields (n = 4) selected for 
establishment of superimposed nutrient omission trials (Phase 2-NOT), in Sidindi, western Kenya. 
Selection 
category 
 Parameter   Past Treatment 
  Control PK NK NP NPK 
Phase 2-NPK  OC (g kg-1)  12.2 
 
12.2 
 
12.6                  
 
( 
( 
(9 - 
12.5                  
( 
12.3                  
            Olsen P (mg kg-1)  3.8 
 
8.4 
 
3.6 
 
7.3 
 
6.9 
 
         
  Exch. K (cmol kg-1)  0.25 
 
0.38 
 
0.41 
 
0.21 
 
0.26 
 
         
  Grain yield (t ha-1)  1.8 2.6 3.4 4.2 5.1 
         
  N uptake (kg ha-1)  19.9 
 
26.4 
 
58.3 
 
79.9 
 
85.5 
 
         
  P uptake (kg ha-1)  2.6 
 
5.0 
 
5.5 
 
8.9 
 
10.2 
 
         
  K uptake (kg ha-1)  14.4 
 
30.7 
 
65.9 
 
51.4 
 
71.1 
 
         
Phase 2-NOT  OC (g kg-1)  13.8 
 
14.0 
 
13.0                     
(9 – 20) 
13.5            13.3                 
(9            Olsen P (mg kg-1)  2.3 
 
8.8 
 
2.8 
 
7.5 
 
7.5 
 
         
  Exch. K (cmol kg-1)  0.15 
 
0.40 
 
0.34 
 
0.11 
 
0.20 
 
         
  Grain yield (t ha-1)  0.8 
 
2.3 
 
0.6 
 
2.0 
 
3.8 
 
         
  N uptake (kg ha-1)  11.8 23.0 24.1 42.9 68.1 
         
  P uptake (kg ha-1)  1.2 
 
3.5 
 
1.5 
 
4.1 
 
6.1 
 
         
  K uptake (kg ha-1)  5.2 
 
18.0 
 
13.2 
 
10.5 
 
36.7 
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(P<0.05) smaller yields observed in the former control treatment plots compared with 
yield in plots under past PK, NK and NP applications in the second cropping season 
(Table 5.2) indicated that yield response to combined NPK application was mostly 
limited by low P and K stocks.  
 
5.3.2.2 Spatial temporal patterns of maize yield response to NPK application in 
nutrient depleted soils 
 
Cumulative frequency plots of relative yield across multiple fields demonstrated the 
spatial temporal variations in yield response to NPK application between fields in plots 
with similar past imbalanced nutrient applications (Fig. 5.2). Temporal variations were 
strongest in former control treatment plots as indicated by the large differences in 
cumulative frequency distributions between seasons (Fig. 5.2a). These plots also 
accounted for the largest proportion of cases with relative yield less than 1, especially 
in the first two cropping seasons (Fig. 5.2). The productivity of these plots improved in 
subsequent seasons as indicated by the shift to the right of cumulative frequency lines, 
and the larger incidence of relative yield values greater than 1 (Fig. 5.2a). Where plots 
had past PK, NK and NP applications, there were small temporal variations in yield 
response to NPK application, as indicated by the small differences in the cumulative 
frequency distributions between seasons (Figs. 5.2b, 5.2c & 5.2d). These treatment plots 
were also characterised by a smaller and steadily declining proportion of fields with 
relative yields less than 1, compared with plots with no nutrients previously applied.  
The spread of seasonal relative yield values demonstrated the spatial variation in yield 
response to NPK application in these nutrient depleted soils (Fig. 5.2). Where no 
nutrients were previously applied, spatial variation was strongest in the first two 
Table 5.2: Mean maize grain yield response (t ha-1) to NPK application in experimental 
Phase 2-NPK, in fields (n = 13) previously under seven consecutive seasons of nutrient 
omission trials (Phase 1), in Sidindi, western Kenya.  
Season†  
 
Past treatmentǂ   
 Control PK NK NP NPK LSD 
SR 2016  2.1 a 2.5 a 2.7 a 2.9 a 3.0 a   
LR 2017  5.5a 6.7bc 6.5bc 7.0cd 7.8d  
0.9 
SR 2017  4.3 a 4.5 a 4.2 a 4.4 a 4.5 a  
 
LR 2018  5.4 a 5.4 a 5.9 a 5.6 a 5.4 a  
Grain yield values in the same row followed by a different superscript are significantly 
different at P<0.05) 
LSD refers to least significant difference between means and applies for all rows 
†LR and SR refer to long and short rainy seasons respectively 
ǂRefers to treatments in Phase 1 
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cropping seasons (Fig. 5.2a). In these two seasons, maize yield in 30% of plots was less 
than half of that attained in the long-term NPK treatment plot in the same field (Fig. 
5.2a). On the other hand, about 10% of plots gave yields equal to or larger than that in 
the long-term NPK treatment plot (Fig. 5.2a), illustrating the strong differences in yield 
response to NPK between fields. Observed spatial variations declined with continued 
application of balanced NPK as indicated by the narrowing of the spread of relative yield 
values in subsequent seasons (Fig. 5.2a). Strong spatial variations were also observed in 
plots that had received PK and NP applications in the past (Fig. 5.2b & 5.2d), while 
variation was less strong for plots previously receiving NK applications (Fig. 5.2c). In 
contrast with observations made for the former control treatment plots, observed spatial 
variations persisted over time in plots with past PK and NP applications as indicated by 
the similar spread of relative yield values across the four cropping seasons (Fig. 5.2b & 
5.2d).  
Where fields had no past manure applications prior to Phase 1, relative yields less than 
1 in the first two cropping seasons in plots previously under control, PK and NK 
treatments indicated reduced yield response to NPK applications (Figs. 5.2a, 5.2b & 
5.2c). For the same fields, similarity of relative yield values in treatment plots under past 
NK and NP applications in the first two cropping seasons (Fig. 5.2c & 5.2d) indicated 
that spatial patterns were less strong in soils strongly depleted in P and K. Large relative 
yield values in the second cropping season in plots with past NP applications (Fig. 5.2d), 
and in the third and fourth seasons in the former control, PK, and NK treatment plots 
(Figs. 5.2a, 5.2b & 5.2c) illustrated improvements in crop yield response with multiple 
applications of NPK in these strongly depleted soils.  
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5.3.2.3 Influence of varied nutrient application regimes on resilience of soil nutrient 
stocks  
 
Soil organic carbon contents did not significantly differ between and within treatments 
(Fig. 5.3a). Small and declining mean SOC contents in the control treatment in the 
second sampling period (2016) indicated stronger depletion of the organic carbon pool 
in soils where no nutrients had been applied (Fig. 5.3a). Depletion appeared to be less 
strong following supply of N, P and K in Phase 2-NPK as indicated by less strong 
decline in SOC contents in the third sampling period (Fig. 5.3a). Concentrations of soil 
available P were significantly (P<0.05) influenced by both treatments imposed, and the 
 
Fig. 5.2: Cumulative frequency (%) of relative maize grain yield over four cropping seasons 
following NPK application in: (a) former control treatment plots; (b) former PK treatment plots; 
(c) former NK treatment plots; and, (d) former NP treatment plots. SR and LR refer to short 
and long rainy seasons respectively. Open symbols indicate fields without past manure 
applications prior to Phase 1. 
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length of application period (Fig. 5.3b). In the first sampling period, mean available P 
concentrations were not significantly different between treatments (Fig. 5.3b). In this 
sampling period, mean available P concentrations were less than 8 mg kg-1 across all 
treatments, with smaller concentrations observed in the NK treatment where no P was 
supplied (Fig. 5.3b). Significant differences in available P concentrations between 
treatments were observed in the subsequent sampling period, with the PK treatment 
showing significantly (P<0.05) larger available P concentrations, compared with 
treatments where no P had been applied (Fig. 5.3b). Larger mean available P 
concentrations in the second sampling period in treatments receiving P indicated build-
up of soil P stocks, while stocks in plots without P supplied remained stable (Fig. 5.3b). 
in this sampling period, mean soil available P concentrations in the PK treatment were 
significantly (P<0.05) larger than that in plots without P applied, and that in the PK 
treatment plot in the first sampling period (Fig. 5.3b). This indicates particularly stronger 
accumulation of applied P for this treatment. Conversion of nutrient omission plots to 
full NPK plots in phase two of the experiment resulted in larger soil available P 
concentrations in plots with no P previously applied (Fig. 5.3b). Significant (P<0.05) 
differences in soil available P concentrations between the former PK treatment plot and 
the former NK treatment plot however persisted, illustrating the gradual build-up of P 
stocks at application rates of 40 kg P ha-1.  
Mean soil exchangeable K concentrations differed significantly (P<0.05) between 
treatments and sampling periods (Fig. 5.3c). In the first sampling period, exchangeable 
K concentrations were largest in the NK treatment plot, with mean concentrations 
significantly (P<0.05) larger than those in the control and NP treatments where no K 
was applied (Fig. 5.3c). In the second sampling period, exchangeable K concentrations 
in the NK and PK treatment plots increased further, while those in other treatment plots 
declined (Fig. 5.3c). Resulting mean exchangeable K concentrations for the NK and PK 
treatments were significantly (P<0.05) larger than those in the control, NP, NPK 
treatment plots (Fig. 5.3c). Balanced NPK application in Phase 2-NPK of the experiment 
resulted in a sharp increase in exchangeable K concentrations in treatments with K 
previously omitted (Fig. 5.3c). Significant (P<0.05) differences in exchangeable K 
concentrations between the former NK treatment plot and treatment plots with K 
previously omitted however persisted (Fig. 5.3c). 
Soil total N contents did not significantly differ between treatments in both Phase 1 and 
Phase 2-NPK (Fig. 5.3d). However, in the first two sampling periods in Phase 1, total N 
contents were smallest in treatments with no N applied, and largest in the NK treatment 
(Fig. 5.3d). N application in Phase 2-NPK of the experiment in treatment plots with no 
N previously applied resulted in significantly (P<0.05) larger total N contents in these 
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plots in the third sampling period, compared to contents in the first sampling period (Fig. 
5.3d). Similar to observations made for total N, mean total P contents did not vary 
significantly among treatments irrespective of sampling period (Fig. 5.3e). Soil total P 
contents however increased over time with continued fertilizer P application (Fig. 5.3e). 
Soil total K contents were not significantly different between and within treatments (Fig. 
5.3f). The temporal patterns observed in the first two sampling periods did not reflect 
the treatments that had been imposed, with larger mean soil total K contents observed 
in the NP treatment where no K had been applied (Fig. 5.3f). Subsequent K application 
in this treatment did not result in improvements in total soil K contents, while 
improvements were observed in the former control treatment plot (Fig. 5.3f). 
 
5.3.2.4 Effects on soil pH, and availability and uptake of secondary nutrients 
 
Soil pH declined in all treatments with N applied (Fig. 5.4). The decline in soil pH was 
only significant (P<0.05) in treatments with N applied, including NK, NP and NPK in 
Phase 1 (2014 and 2016) and all plots in Phase 2 (2018). Differences between treatments 
 
Fig. 5.3: Temporal changes in mean: a) soil organic C; b) soil available P; c) soil exchangeable K; 
d) total soil N; e) total soil P; and, f) total soil K), in on-farm nutrient response experiments (n = 
13), after three (2014) and seven (2016) consecutive seasons of nutrient omission trials (Phase 1), 
and after three consecutive (2018) seasons of balanced NPK application (Phase 2-NPK). Symbols 
reflect treatments in Phase 1 of the experiment. 
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including N and the control were significant in 2014 and 2016, except for the NK 
treatment in 2014 (Fig. 5.4). 
 
Grain uptake of magnesium (Mg) and calcium (Ca) was poorly related to soil Mg and 
Ca concentrations (Fig. 5.5). In Phase 1 of the experiment, significantly (P<0.05) larger 
grain Mg uptake was observed in treatments with N applied, while treatment plots 
without N applied showed significantly (P<0.05) larger mean soil Mg concentrations 
compared with the NP and NPK treatments (Fig. 5.5a). Grain Ca uptake in Phase 1 was 
also significantly larger in treatments with N applied compared to that in the no-input 
control treatment (Fig. 5.5b). Mean soil Ca concentrations were also smallest in the NP 
and NPK treatments (Fig. 5.5b). This suggests larger amounts of Mg and Ca had been 
removed due to the previous higher maize yields in treatments where N had been 
applied, and in particular the NP and NPK treatments (Njoroge et al., 2017b). This is 
supported by the increased Mg uptake in previously N omitted treatment plots following 
N application in Phase 2-NPK, and the associated decline in soil Mg concentrations in 
these plots (Fig. 5.5a). 
 
Fig. 5.4: Temporal changes in soil pH in on-farm nutrient response experiments (n = 13), after 
three (2014) and seven (2016) consecutive seasons of nutrient omission trials (Phase 1), and after 
three consecutive (2018) seasons of balanced NPK application (Phase 2-NPK). Symbols reflect 
treatments in Phase 1 of the experiment. 
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5.3.3 Phase 2-NOT 
5.3.3.1 Recovery of N, P, and K in soils with past imbalanced nutrient applications  
 
Differences in mean maize yield response between NPK and nutrient omitted sub-plots 
in Phase 2-NOT were used to quantify the magnitude of N, P and K limitations, and also 
assess the short-term recovery of fertilizer N, P and K applied in Phase 1 (Table 5.3). 
Long-term PK, NK and NP applications resulted in strong N, P and K limitations 
respectively as indicated by the significantly (P<0.05) smaller yields observed in all 
cropping seasons in the PK, NK and NP sub-plots, compared with yields in the NPK 
sub-plots where past treatments were similar (Table 5.3). Where the past treatment was 
a no-input control, significantly (P<0.05) smaller yields were observed in the PK, NK 
and NP sub-plots compared to the NPK sub-plot. This demonstrates strong N, P and K 
limitations following continuous cropping with no nutrients applied (Table 5.3). 
Limitations were strongest for P as indicated by the very small yields observed in this 
sub-plot in subsequent seasons (Table 5.3). The 2.7 t ha-1 difference in yield between 
the NPK and NP sub-plots in the first cropping season in plots is notable as it highlights 
the need for K fertilizers in strongly depleted soils. This is confirmed by the persistently 
 
Fig. 5.5: Relationship between mean treatment: a) soil Mg contents (cmol kg-1) and grain Mg 
uptake (kg ha-1); and b) soil Ca contents (cmol kg-1) and grain Ca uptake (kg ha-1) in select fields 
(n = 5) fields after seven consecutive seasons of nutrient omission trials (Phase 1), and four 
consecutive seasons of balanced NPK application in the previously nutrient omission treatment 
plots (Phase 2-NPK) in Sidindi, western Kenya. Closed squares represent Phase 1, while open 
squares represent Phase 2-NPK. Error bars are LSD. Lower horizontal and vertical error bars 
represent mean separation for Phase 1, while upper horizontal and vertical error bars represent 
mean separation for Phase 2-NPK. 
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smaller yields observed with NP application compared with NPK application in these 
former control treatment plots (Table 5.3). In the former PK treatment plots, similar 
yields in the NK, NP and NPK sub-plots, and significantly (P<0.05) smaller yields in 
the PK sub-plot in the first cropping season pointed to strong N limitations, while P and 
K stocks were sufficient (Table 5.3). P and K stocks however declined rapidly as 
indicated by the increasing difference in yield between the NK and NP sub-plots, and 
the NPK sub-plot in subsequent seasons (Table 5.3). In the former NK treatment plots, 
significantly (P<0.05) smaller yields in the NK sub-plot compared to other sub-plots in 
the first cropping season confirmed strong P limitations following repeated N and K 
applications (Table 5.3). N and K were however not limiting in this first cropping season 
as indicated by the similar yields between the PK and NPK sub-plots, and the 
significantly larger yields in the NP sub-plots (Table 5.3). While yields in the PK sub-
plot declined steadily over time, yields in the NP sub-plot matched those in the NPK 
sub-plot in subsequent seasons indicating continued availability of plant available K 
stocks while N stocks rapidly declined (Table 5.3). In the former NP treatment plot, 
significantly (P<0.05) smaller yields observed in the NP sub-plot compared with other 
sub-plots in the first cropping season confirmed strong K limitations following sustained 
applications of only N and P (Table 5.3). In the same season, N and P were not limiting 
as indicated by similar mean yields between the PK and NK sub-plots, and the NPK 
sub-plot (Table 5.3). Yield differences greater than 1 t ha-1 between the NPK and NK 
subplot in the second cropping season, and the NPK and PK sub-plot in the third 
cropping season pointed to increasingly severe N and P limitations, indicating minimal 
accumulation of applied N and P following past applications of N and P only (Table 
5.3). In the former NPK treatment plot, mean yields did not differ significantly between 
sub-plots in the first cropping season (Table 5.3), indicating adequate supply of N, P and 
K in the nutrient omitted sub-plots. However, in the second cropping season, yield in 
the NK sub-plot was significantly (P<0.05) smaller than that in the NPK sub-plot, while 
in the third cropping season, yield in the PK sub-plot was significantly (P<0.05) smaller 
than that in the NPK sub-plot (Table 5.3). These significantly smaller yields coupled 
with the increasing yield difference between the NPK and NP sub-plots indicate strongly 
increasing N, P and K limitations in these formerly balanced NPK plots. This illustrates 
minimal accumulation of N, P and K under moderate balanced NPK applications.   
Recovery of past N applications was largest following past NK and NP applications as 
indicated by the similarity in yield between the PK and NPK sub-plots in all three 
cropping seasons in treatment plots where NK and NP had previously been applied 
(Table 5.3). Recovery however declined sharply as indicated by the greater than 1 t ha-
1 difference in yields between the NPK and PK sub-plots in the third cropping season 
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(Table 5.3). Observed similar maize grain yields between the NK and NPK sub-plots in 
the first season in all treatments plots with P previously applied indicated rapid recovery 
of P applied in the past (Table 5.3). Larger yields in all three cropping seasons in the 
NK sub-plot in treatments under past PK applications compared with those which had 
received NP or NPK in the past (Table 5.3) indicated that recovery of past P application 
was largest following past P application in the absence of N. Similar to N and P, recovery 
of past K application appeared largest in treatment plots with past imbalanced K 
applications. This was particularly the case for past NK applications, as indicated by the 
significantly (P<0.05) larger yield in the NP sub-plot compared to the NPK sub-plot in 
treatment plots with past NK applications in the first cropping season (Table 5.3). The 
similar yields observed between these two sub-plots in subsequent seasons further 
indicated sustained recovery of past K applications in the NK treatment plots, suggesting 
large K reserves (Table 5.3). On the other hand, the steadily increasing differences in 
yield between the NPK and NP sub-plots in treatment plots under past balanced NPK 
applications pointed to small and rapidly declining K reserves (Table 5.3). 
 
 
Table 5.3: Mean maize grain yield in t ha-1 for on-farm (n=4) superimposed nutrient omission 
trials (Phase 2-NOT) established in fields previously under eight consecutive seasons of nutrient 
omission trials (Phase 1) in Sidindi, western Kenya. 
Season  Past Treatmentǂ  Treatment   
  PK NK NP NPK LSD 
LR 2017  Control  2.6a 1.3a 2.9a 5.6b  2.2 
  PK  2.5a 6.3b 5.4b 6.0b  1.8 
  NK  4.2a 0.5b 6.2c 4.0a  1.6 
  NP  6.4a 5.7a 1.8b 6.2a  1.7 
  NPK  5.5a 4.7a 5.9a 6.3a  1.9 
          
SR 2017  Control  1.5ab 0.1a 2.2ab 3.1b  2.2 
  PK  1.3a 3.5b 3.7b 4.4b  1.8 
  NK  2.8a 0.1b 2.9a 3.1a  1.6 
  NP  3.3c 1.5ba 1.0a 2.9bc  1.7 
  NPK  2.3ab 1.8a 2.4ab 3.8b  1.9 
          
LR 2018  Control  1.4ab 0.9a 2.4abc 4.6c  2.2 
  PK  2.4a 3.9ab 3.6ab 5.2b  1.8 
  NK  2.1ab 0.7a 3.9c 3.5bc  1.6 
  NP  1.9ab 2.8ab 1.3a 3.2b  1.7 
  NPK  1.7a 3.0b 2.2ab 3.9b  1.9 
LSD refers to least significant difference between means and applies across rows 
ǂRefers to treatments in Phase 1 
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5.3.3.2 Fate of applied K in soils with depleted and imbalanced nutrient supplies  
 
Mean sub-plots soil exchangeable K stocks in the plough layer at the start of the final 
season of Phase 2-NOT and mean total K uptake at the end of the final season of Phase 
2-NOT provided an insight on the fate of applied fertilizer K in soils with depleted and 
imbalanced nutrient supplies (Table 5.4). In treatment plots without past K applications 
(Control and NP), soil exchangeable K stocks were smaller in the NP sub-plots 
compared with sub-plots that received K (Table 5.4). This illustrates build-up of soil K 
stocks in these K depleted soils following fertilizer K applications, while contents 
remained low where no K was applied. In the former control treatment plots, the 
observed larger total K uptake in the NP sub-plots compared to the PK sub-plots 
illustrates strong mining of K where no K is supplied, while applied K in the PK sub-
plot accumulated (Table 5.4). Similarly, where treatment plots had past applications of 
K, smaller soil K contents in the NP sub-plots compared to sub-plots with K applied 
indicated mining of previously accumulated stocks (Table 5.4). Under balanced NPK 
applications, the smaller mean soil K contents and total K uptake observed where past 
applications were NP illustrate that larger applications of fertilizer K may be required to 
enhance soil K stocks and crop productivity under conditions of severe K mining. Where 
K mining was less severe, more rapid build-up of K was observed as indicated by the 
larger soil K contents and total K uptake following NPK application in the former 
control treatment plots (Table 5.4).  
 
Table 5.4: Mean sub-plots soil exchangeable K stocks (kg ha-1) at the start of the third season, and 
total K uptake (kg ha-1) at the end of the third season for on-farm (n=4) superimposed nutrient 
omission trials (Phase 2-NOT) in Sidindi, western Kenya. 
Parameter  Past Treatmentǂ  Treatment 
  PK NK NP NPK 
Soil K in plough 
layer (kg ha-1) 
 Control  301 237 190 342 
 PK  465 562 301 465 
  NK  375 489 260 307 
  NP  208 184 138 234 
  NPK  263 287 231 263 
        
Total K uptake      
(kg ha-1) 
 Control  15 37 36 50 
 PK  19 55 50 57 
  NK  28 28 30 40 
  NP  16 28 13 21 
  NPK  18 33 14 43 
ǂRefers to treatments in Phase 1 
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5.3.3.3 Modelling of fertilizer P uptake in P depleted soils 
 
Initial RC-P model predicted total P uptake in treatment plots with and without fertilizer 
P applied showed general good agreement with measured total P uptake in the final 
season of Phase 1 (Fig. 5.6). A recovery fraction of 0.04 of the initial P labile pool 
appeared to effectively capture observed patterns of P uptake following seven seasons 
of fertilizer P application in the NPK treatment plot, and fertilizer P omission in the NK 
treatment plot. Observed differences in predicted and measured P uptake in plots 
receiving P indicated strong differences in the size of the labile P pool between farms 
(Fig. 5.6).  
 
Fig. 5.6: Measured and RC-P model predicted P uptake in the treatment plots with and without P applied 
in the seventh consecutive season of on-farm nutrient omission trials (Phase 1) in Sidindi, western 
Kenya. The diagonal line is the 1:1 line. Measured total P uptake in the seventh season of Phase 1 was 
used to model labile and stable P pools in the seventh season. Using these estimates, the model was back 
cast to estimate initial labile and stable pools at the start of Phase 1. The model was then re-run using 
these estimated initial values to predict P uptake with and without fertilizer P in the seventh season of 
Phase 1. 
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Seasonal total P uptake following fertilizer P application in treatment plots with past 
applications of NK in Phase 2-NOT of the experiment illustrated P uptake patterns in 
strongly P depleted soils (Fig. 5.7). Estimated total P uptake based on the previously 
observed relationship between grain yield and measured total P uptake in Phase 1 of the 
experiment (Annex B, Fig. B1) showed good agreement with measured total P uptake 
in the third cropping season (Fig. 5.7). Estimated first season total P uptake greater than 
10 kg ha-1 across all three fields following P application of 40 kg P ha-1 in these strongly 
P depleted soils indicated substantial uptake of the applied fertilizer P (Fig. 5.7). Uptake 
patterns in subsequent seasons also indicated substantial uptake of applied P with some 
seasonal fluctuations (Fig. 5.7). This was in contrast to predicted P uptake with the 
original RC-P model which suggested initial minimal uptake of applied P, with gradual 
improvements in uptake in subsequent seasons as the size of the labile pool increased 
(Fig. 5.7). The modified RC-P model which accounted for direct uptake of P from placed 
fertilizer at a recovery rate of 0.3 of the labile fraction of applied fertilizer was in much 
closer agreement with estimated and measured P uptake (Fig. 5.7). This was particularly 
the case in very strongly P depleted soils which had a very small labile P pool (Fig. 5.7a 
& 5.7b).  
 
Fig. 5.7: Estimated, measured and RC-P modelled total P uptake across three consecutive seasons in 
three P depleted soils following balanced NPK fertilization in Phase 2-NOT. 
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5.4 Discussion 
5.4.1 Strong yield response to balanced fertilization in nutrient depleted soils  
 
Continuous cropping without or with imbalanced nutrient applications during Phase 1 
of the experiment resulted in soils with depleted nutrients stocks. Nutrient depletion was 
strongest in fields without past manure applications before Phase 1 of the study, as 
illustrated by low concentrations of available nutrients in the soil and small mean maize 
grain yields (Table 5.1). Crops were responsive to NPK application on all fields. Even 
in the most strongly N, P and K depleted plots, mean maize grain yield was 5.5 t ha-1 in 
the second season of Phase 2-NPK, while mean yields in subsequent seasons were 
similar to those observed in the long-term NPK treatment plot (Table 5.2). Yields with 
NPK in the former control plots also matched those under long-term NPK in all three 
seasons of Phase 2-NOT (Table 5.3). We did not encounter non-responsive fields to 
NPK fertilization, in contrast to findings by earlier studies in western Kenya, and in the 
larger SSA region (Tittonell and Giller, 2013; Zingore et al., 2008; Kihara et al., 2016; 
Njoroge et al., 2017a). The occurrence of such non-responsive soils has mainly been 
attributed to additional constraints of secondary and micronutrients following sustained 
cropping with no or insufficient nutrient inputs (Vanlauwe et al., 2015; Kihara et al., 
2017; Njoroge et al., 2017a). Observed yields under NPK fertilization at low soil Mg 
and Ca availability however indicated no additional nutrient constraints beyond those of 
N, P and K in the clay rich soils of the study area, strongly contrasting to findings of 
Zingore et al. (2008) for depleted sandy soils of Zimbabwe. These findings indicate that 
in tropical soils with high clay contents as present in western Kenya, crop productivity 
can be increased with balanced NPK fertilization alone. Such soils do not therefore 
require prior soil fertility restorations with e.g. large repeated applications of manure 
(Zingore et al., 2008; Rusinamhodzi et al., 2013). Opportunities are therefore present 
for the improvement of crop productivity over large areas of the eastern African 
highlands where soils and cropping systems mirror those of western Kenya, by focusing 
on balanced applications of NPK. This is in contrast to the costlier high input strategies 
based on large applications of nutrients to replenish soil fertility such as those previously 
recommended by Sanchez et al. (1997). Strongly P or K depleted soils however required 
multiple NPK fertilizer applications before yield levels were equivalent to yield in plots 
that received continuous NPK fertilizer, resulting in stronger temporal patterns in yield 
response (Fig. 5.2). This indicates the need to adjust initial yield expectations for NPK 
fertilization in the first one to two seasons by about 1 – 2 t ha-1 on strongly P and K 
depleted soils.   
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5.4.2 Imbalanced nutrient applications affect the resilience of soil nutrient stocks 
 
Differences in nutrient application regimes resulted in strong differences in plant 
available P and K stocks over time, while changes were minimal for total nutrient stocks 
(Fig. 5.3). Smaller uptakes of N, P or K following imbalanced applications resulted in 
larger accumulation of available stocks, while accumulation was less strong under 
balanced fertilization where uptake was large (Fig. 5.3 & Table 5.4). While mean SOC 
contents were generally small across treatments, declining SOC contents in treatment 
plots with no N applied (Fig. 5.3) were illustrative of the negative effects of continued 
cropping without N inputs on the soil organic carbon pool even when the initial pool is 
small. Imbalanced applications including 60 kg K ha-1 resulted in significantly larger 
exchangeable K concentrations compared to plots with no K applied after only three 
cropping seasons (Fig. 5.3). In contrast, exchangeable K concentrations were not 
significantly different between plots receiving balanced NPK supply and those with no 
K applied even after six cropping seasons (Fig. 5.3). Given mean total K uptake of 71 
kg K ha-1 in the NPK treatment plots at the end of Phase 1 (Table 5.1), it is clear that 
applied fertilizer K was just sufficient to meet crop uptake requirements, but insufficient 
to substantially build up soil K stocks. Similarly, observed mean soil available P 
concentrations of 8 mg kg-1 and 5 mg kg-1 in the NPK and NK treatment plots 
respectively, after six seasons of seasonal applications of 40 kg P ha-1 in Phase 1, 
indicated that fertilizer P application rates were not sufficient to saturate P adsorption 
capacity. Much larger broadcast (Van der Eijk et al., 2006) applications of fertilizer P 
and K would therefore be necessary for the build-up of depleted soil P and K stocks, but 
it is unlikely that such an approach would be economically viable. 
5.4.3 Accounting for recovery of accumulated nutrient stocks 
 
Maize yield patterns in nutrient omitted sub-plots in Phase 2-NOT indicated strong 
short-term recovery of accumulated nutrient stocks. In treatment plots with PK and NK 
applications in Phase 1, maize yields in the NK and NP sub-plots did not differ from 
those in the NPK sub-plots over the three cropping seasons in Phase-2 (Table 5.3), 
indicating recovery of accumulated P and K stocks. Fields with sufficient stocks of P or 
K, e.g. due to manure use (Kihanda et al., 2006; Rusinamhodzi et al., 2013), allow 
therefore short-term adjustments in the recommended amounts of fertilizer P and K, 
reducing costs for farmers. Manure is a key source of nutrients in crop-livestock farming 
systems such as those of western Kenya (Castellanos-Navarrete et al., 2015), yet the 
available quantities are frequently not adequate to match crop nutrient uptake 
requirements across all fields of the farm (Tittonell et al., 2010b). Simplified decision 
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support tools that account for residual effects of previous applications of organic and 
inorganic nutrient inputs on current plant N, P and K requirements can therefore help 
farmers and extension service providers fine tune recommended fertilizer applications 
at the field level. This would allow more efficient allocation of available organic and 
inorganic nutrients. The recent quantification of the fertilizer P and K equivalents of the 
contribution of past manure applications in this study area (Njoroge et al., 2019) 
provides indicative values for short-term adjustment of fertilizer P and K requirements 
in such decision support tools.  
5.4.4 Placement improves recovery of applied fertilizers in nutrient depleted soils  
 
Placed P-fertilizer gave a strong recovery of around 30% in the first season, even on the 
strongly P depleted soils in Phase 2-NOT, much larger than can be expected for the 
applied TSP fertilizer with a soluble P fraction of 0.8 (Wolf et al., 1987). The observed 
recovery is similar to that previously reported by Van der Eijk (1997) following 
application of 22 kg P ha-1 in P depleted soils of western Kenya. This large recovery at 
low P application rates has been related to enhanced uptake due to higher concentration 
of soil P directly below the plant roots following placement of P fertilizer (Van der Eijk 
et al., 2006; Sanchez, 2019), and improved root proliferation in this P enriched soil layer 
(Ma et al., 2013). This allows P uptake to proceed at a maximum rate even at low 
application rates (Van der Eijk et al., 2006). In the original RC-P model, crops take up 
P from the labile pool, with the labile P fraction of applied fertilizer P contributing to 
the increase in size of this labile pool (Wolf et al., 1987). A uniform value of P recovery 
for this labile pool is then assumed by most P uptake models, e.g. Wolf et al. (1987), 
Greenwood et al. (2001), and Heppell et al. (2016). Initial yield response to P 
application is therefore expected to be small as a consequence of the small size of the 
initial labile P pool in P depleted soils. Our results suggest a combined P-uptake from 
the labile pool and direct uptake from placed fertilizer, bypassing this labile pool, 
improving the predicted fertilizer P uptake from the RC-P model. This indicates that 
even in soils with strong P sorption (Sanchez, 2019) and P depleted soils, modest 
applications of spot-placed fertilizer P can help smallholder farmers boost crop 
productivity. For this approach to succeed, farmers need to be equipped with knowledge 
on where and how to apply available P fertilizers (Van der Eijk et al., 2006). Farmer 
training should therefore be based on the ‘4R nutrient stewardship’ approach:  the right 
source, application rate, in the right place and at the right time in the growing season 
(Johnston and Bruulsema, 2014). Introduction of simple and affordable tools to 
mechanise seeding and placement of basal applications should be considered, for 
enhancing yield and efficiency on smallholder fields (Aune et al., 2017). 
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5.5 Conclusions 
 
Maize yields responded strongly to NPK fertilization on all soils, even those with very 
depleted nutrient stocks. Within three cropping seasons of NPK fertilization, maize yield 
in treatment plots with depleted N, P and K stocks matched the yields of plots under 
long-term NPK application. Past imbalanced nutrient applications resulted in strong 
spatial variation in the yield response to NPK fertilization, due to differences in available 
soil P and K stocks. Imbalanced applications of PK and NK resulted in strong 
accumulation of P and K stocks, while P and K accumulation in the soil was very limited 
under balanced NPK applications. Soil concentrations of Mg and Ca also declined 
significantly at higher yields, though small soil concentrations did not affect yields with 
balanced NPK fertilization. Recovery of accumulated N, P and K was largest in the first 
season of uptake from the soil nutrient pool. Accounting for direct uptake of placed 
fertilizer P resulted in improved RC-P model predictions of total P uptake following 
fertilizer P application in P exhausted soils. 
Our findings highlight the potential for immediate increase in crop productivity with 
balanced macronutrient application in typical tropical soils with a high clay content as 
found in western Kenya after long periods of depletion. Secondary nutrients and 
micronutrients need only to be supplied when deficiencies are observed in the field: soil 
tests proved not informative of crop response. Accounting for animal manure use in the 
past and recent applications of P and K fertilizer can help to further fine-tune balanced 
NPK recommendations. Further, placement strongly improved recovery of applied P 
and should be recommended and demonstrated as a standard practice. Our results 
strongly support the approach of feeding the crop and allowing soil fertility to recover 
gradually, rather than feeding the soil. 
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6.1 Overview  
 
Low crop productivity is a key contributor to persistent food insecurity in sub-Saharan 
Africa (SSA). Projected future increases in food demand are expected to place 
populations in SSA at an even greater food security risk if current crop productivity 
levels persist (Van Ittersum et al., 2016). Crop productivity intensification on existing 
farmlands is urgently required if the SSA region is to become more food secure (Koning 
et al., 2008; Tilman et al., 2011), with reduced reliance on substantial imports (Van 
Ittersum et al., 2016), and expansion of agriculture into marginal lands and forest areas  
(Brink and Eva, 2009; Nkamleu, 2011). Increased fertilizer use is central (Africa 
Fertilizer Summit, 2006) to addressing nutrient deficiencies that limit crop productivity 
(Mueller et al., 2012). Fertilizer use in the predominant smallholder farming systems of 
SSA is however characterized by large variations in crop yield response at the regional 
and farm level (Vanlauwe et al., 2006; Tittonell et al., 2008b; Kihara et al., 2016). 
Improvements in crop productivity have therefore failed to match investments in 
fertilizer use, and crop yields of important crops are still low. Improved understanding 
of crop yield response patterns to fertilizer applications is therefore required if 
substantial increases in crop productivity are to be attained.  
Using western Kenya as a case study and maize as the test crop, this thesis aimed at 
providing means for the improved prediction of the expected crop yield response to 
fertilizer application under heterogeneous smallholder farming conditions of SSA. A 
summary of the main findings and implications is presented in Fig. 6.1. In Chapter 2 we 
demonstrated that differences in yield response to fertilizer N, P and K applications vary 
strongly over space and time, presenting challenges for the development of effective 
site-specific recommendations. We further demonstrated that current methods for soil 
analysis do not adequately explain the expected yield response to fertilizer applications, 
and recommended the additional inclusion of field characteristics and past management 
history. This led us to investigate the field level factors causing variability in maize yield 
response to fertilizer N, P and K applications in Chapter 3. In this chapter, we showed 
that accounting for past manure applications decreased the uncertainty in yield response 
to fertilizer applications, illustrating the need to account for past field management when 
making field level decisions on fertilizer use. We subsequently quantified the 
contribution of past manure application in fertilizer N, P and K equivalents, providing a 
criterion for fine-tuning fertilizer NPK recommendations at the field level based on past 
applications of manure. In Chapter 4, we showed that the QUEFTS model did not 
adequately predict maize yield responses to balanced and imbalanced fertilizer 
applications under variable soil fertility conditions. This was linked to poor estimation 
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of soil N, P and K supply with current relationships based on soil chemical data. In 
Chapter 5, we demonstrated immediate maize yield response to balanced NPK 
applications on strongly nutrient depleted soils typical of the tropics and concluded that 
such soils do not require prior investments to rebuild soil nutrient stocks for crop yields 
to be increased. Findings in this chapter also showed that recovery of fertilizer P was 
higher than expected for these strongly P-adsorbing soils, also in the first year of 
application. This was linked to spot placement of fertilizer which results in high 
concentration of soil P directly below plant roots even at low application rates. Based 
on these findings, we recommended the demonstration of proper fertilizer placement as 
a standard practice for smallholder farmers in SSA. Findings from this thesis have 
improved our understanding of the patterns of maize yield responses to fertilizer 
applications in heterogeneous smallholder farming systems of western Kenya. Most 
importantly, these findings have provided insights on a framework for disaggregating, 
and managing observed variability in yield response to fertilizer applications that can be 
upscaled in comparable farming systems of SSA.   
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Fig. 6.1: Summary study findings and implications 
 
 
 
 
 
 
 
 
           
Chapter 2 
• Yield response patterns vary strongly over space 
& time  
• Soil analysis poorly predicts yield response 
patterns 
• Balanced NPK application reduces variations in 
crop yield responses 
 
Implication 
• Fertilizer recommendations require multiple 
locations and seasons  
• Need for additional farm information in addition to 
soil data 
• In absence of site-specific recommendations, 
balanced fertilization reduces fertilizer use risks 
 
Chapter 3 
• Accounting for past field management decreases 
uncertainty in observed responses 
• Past manure use enhances soil P and K supply 
and improves use efficiency of applied N  
 
Chapter 4 
• Poor estimation of soil nutrient supply in QUEFTS 
results in poor predictions of maize yield 
response to fertilization.  
• Yields under no-input are a better predictor of 
plant nutrient uptake 
 
Chapter 5 
• Clay rich nutrient depleted soils show immediate 
crop yield response to fertilizer NPK application  
• Spatial-temporal differences in yield response to 
NPK are linked to imbalances in soil nutrient 
stocks 
• Fertilizer placement improves recovery of applied 
fertilizer P 
 
Implication 
• Information on past field management is required 
for fine tuning fertilizer recommendations  
• Improvements in farm level manure allocation 
strategies can improve fertilizer use efficiency 
 
Implication 
• Need for improved relationships for soil nutrient 
supply in QUEFTS 
• Current farmer yields can provide informed 
estimates of expected potential soil nutrient 
supply  
 
Implication 
• Soil fertility restoration practices are not necessary 
to restore productivity in nutrient depleted soils of 
western Kenya 
• Information on past nutrient applications is 
essential for explaining yield response patterns 
• Right fertilizer placement should be recommended 
and demonstrated as a standard practice 
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6.2 Crop productivity restoration on nutrient depleted soils  
 
High nutrient depletion rates in smallholder farming systems (Stoorvogel and Smaling, 
1990) have contributed to the large proportion of nutrient depleted soils in the SSA 
region (Tan et al., 2005). Subsequently, soil fertility depletion has been identified as the 
fundamental biophysical cause of declining per capita food production in the region 
(Sanchez and Palm, 1996), and increased soil fertility is a precondition for initiating 
growth in crop productivity (Crawford et al., 2005). The replenishment of soil fertility 
has been previously proposed for crop productivity restoration in nutrient depleted soils 
of SSA (Sanchez et al., 1997). In this approach, a one-time but large application of 
fertilizer P or rock phosphate (Buresh et al., 1997), and strategies involving the use of 
legumes and mineral fertilizers (Giller et al., 1997) were proposed to build up soil P and 
N stocks respectively. However, while one-time large fertilizer P applications 
substantially improve soil P stocks, they are characterized by low fertilizer use 
efficiency (Van der Eijk et al., 2006), and short-term beneficial effects on crop 
productivity as available stocks are not entirely available for crop uptake (Nziguheba et 
al., 2002). This strongly questions the rationale for investing in soil fertility 
replenishment if improvements in soil fertility do not result in sustained improvements 
in crop productivity. High capital costs of fertilizer, and machinery required for one-
time applications (Van der Eijk et al., 2006) further mean that such approaches are out 
of the reach of the often resource constrained smallholders. While a cost shared 
approach was envisaged to address farmer limitations in resources (Sanchez et al., 
1997), such an approach has failed to take off.  
To restore crop productivity in nutrient depleted soils, I propose a focus on regular 
fertilizer applications aimed at supplying the crop with nutrient uptake requirements for 
a single season. Findings from my study (Chapter 5) clearly demonstrated that seasonal 
applications of 150, 40, and 60 kg ha-1, of fertilizer N, P and K respectively were 
sufficient to immediately increase crop productivity in strongly nutrient depleted soils 
(Fig. 5.2), while at the same time gradually building soil nutrient stocks (Fig. 5.3). While 
the use of organic resources such as manure has been identified as key to restoring the 
productivity of nutrient depleted soils (Zingore et al., 2008), simulation studies in 
western Kenya region have demonstrated the superiority of mineral fertilizer over 
manure in rapidly restoring crop productivity to levels attained prior to nutrient 
depletion (Tittonell et al., 2008a). Results from my study allow evaluation of these 
model predictions using actual yield measurements. By focusing on fields that had no 
manure application prior to the study, effects of nutrient depletion and fertilization on 
crop productivity are clear to see (Fig. 6.2). In Phase 1 of the study, good maize yields 
Chapter 6 
112 
 
are only attained with balanced NPK application, while strongly declining yields in plots 
with nutrients omitted illustrate the strong effects of nutrient depletion on crop 
productivity (Fig. 6.2). Despite the very small yields in the eighth season of nutrient 
omission, maize yields immediately increased to levels comparable to those under 
sustained NPK applications, even in the strongly nutrient depleted control treatment 
plots (Fig. 6.2a). This confirms simulation model results of Tittonell et al. (2008a), 
illustrating that strategies that help farmers access enough fertilizers to meet seasonal 
crop uptake requirements are sufficient to restore crop productivity on strongly nutrient 
depleted soils.  
Compared to large one-time fertilizer applications, the smaller fertilizer applications 
rates in my proposed approach, and the yield benefit associated with the starter effect of 
freshly applied fertilizers (Van der Eijk, 1997), would translate in higher fertilizer use 
efficiency. Immediate yield benefits observed with a fertilizer based approach compared 
to delayed benefits when manure is used (Zingore et al., 2008; Tittonell et al., 2008a) 
also fit within farmers expectations of immediate crop productivity benefits for 
technologies to be adopted (Ojiem et al., 2006). The lower input costs, and the ease of 
adaptability in small scale farming systems of SSA where most of the work is done by 
hand (Van der Eijk et al., 2006), further illustrate that the proposed approach is more in 
tune with the socio-economic reality of smallholder farming in SSA, compared to large 
one-time applications. For this approach to succeed, farmers require training on right 
placement of fertilizers to ensure optimal uptake of nutrients. Spot placement of 
fertilizer directly below seeds results in a nutrient enriched zone directly below plant 
roots, allowing for enhanced nutrient uptake (Van der Eijk et al., 2006). When not 
correctly implemented, spot placement can result in scorching of seeds when fertilizers 
come into direct contact with germinating seeds, negatively affecting yields. The 4R 
nutrient stewardship framework (Johnston and Bruulsema, 2014) provides an easily 
adaptable platform for farmer training on best fertilizer use practices. Such a platform 
which lays the foundations for efficient use of fertilizers is integral for the success of 
the proposed low input strategy.    
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6.3 Optimizing fertilizer use efficiency in smallholder farming systems of SSA 
6.3.1 Potential for optimized fertilizer use efficiency 
 
Findings from this study have clearly demonstrated the potential of fertilizer use to 
substantially increase crop productivity within smallholder farming systems of SSA. 
Simultaneous improvement of crop productivity and nutrient use efficiency (NUE) 
(Fixen et al., 2015) of applied nutrients is however required for sustainable crop 
productivity intensification. Agronomic efficiency (AE) defined as the increase in yield 
per unit of nutrient applied (Dobermann, 2007), provides a means for short-term 
evaluation of nutrient use efficiency. Results from this study provide an opportunity for 
evaluating opportunities for optimizing fertilizer use efficiency in smallholder farming 
systems.  
Using data from Phase 1 of this study, AE in the first two cropping seasons was 
calculated as the difference in maize grain yield (kg ha-1) in NPK treatment plots and in 
treatment plots with a particular nutrient omitted, divided by the quantity of the 
 
Fig. 6.2: Mean maize yield patterns with balanced and imbalanced fertilization in fields 
without past manure application. Black squares represent long-term NPK treatment plots. 
Dotted vertical lines indicate onset of full NPK application (Phase 2-NOT) in plots with 
nutrients previously omitted. 
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particular nutrient applied (kg ha-1) in the NPK treatment plot. For example, agronomic 
efficiency of nitrogen (AEN) was calculated as:  
 𝐴𝐸𝑁 = (𝑌𝑛𝑝𝑘 −  𝑌𝑝𝑘 )/𝑁𝑎𝑝𝑝𝑙 (12) 
 
Where 𝑌𝑛𝑝𝑘 and 𝑌𝑝𝑘 refer to maize grain yields (kg ha
-1) in the NPK and PK treatment 
plots respectively, and 𝑁𝑎𝑝𝑝𝑙 refers to quantity (kg ha
-1) of fertilizer N applied. Mean 
AEN was 15 and 14.4, mean agronomic efficiency of phosphorus (AEP) 10.3 and 31.7, 
while mean agronomic efficiency of (AEK) was 7.4 and 14.4 in the first and second 
cropping seasons respectively (Table 6.1). Observed mean AEN was similar to values 
of 14.4 and 14.3 kg kg-1 reported for the OFRA and TAMASA projects (ten Berge et 
al., 2019), two recently concluded large scale nutrient response trials in major maize 
growing regions of SSA. Mean AEP was however smaller than values of 23.9 and 29 
kg kg-1 for the TAMASA project, and for a meta-analysis of on-farm trials in western 
Kenya respectively (Kihara and Njoroge, 2013), while mean AEK was larger than a 
value of 3.2 and less than 1 kg kg-1 for the TAMASA study, for an on-farm study in 
Zimbabwe respectively (Kurwakumire et al., 2014). While these mean values indicate 
positive benefits of nutrient use on maize grain yields, wide ranges in the agronomic 
efficiency of applied N, P and K between fields were observed (Table 6.1) that illustrate 
strong differences in nutrient use efficiency between fields. This highlights the need for 
strategies aimed at optimizing nutrient use efficiency at the field level for sustainable 
crop productivity intensification. In the following subsection, assessment of patterns of 
AE between fields is conducted to assess options for optimizing AE within smallholder 
farms.  
 
6.3.2 ISFM based approaches for optimizing fertilizer use efficiency 
 
The adoption of integrated soil fertility management (ISFM) has been proposed as a key 
pathway for optimizing agronomic efficiency (AE) of applied nutrients and improving 
crop productivity in smallholder farming systems of SSA (Vanlauwe et al., 2010). Key 
Table 6.1: Mean and range of agronomic efficiency of, N, P and K (kg grain/kg nutrient 
applied) in Phase 1 (n=23). 
Season  AEN  
 
AEP AEK 
LR 2013 15.0                    
(-0.4 – 31.6) 
10.3                    
(-54.5 – 83.8) 
7.4                      
(-44.5 – 50.1) 
     
SR 2013  14.4                    
(-11.4 – 31) 
31.7                    
(-66.2 – 102.8) 
7.4                      
(-25.4 – 75.7) 
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aspects for optimizing AE based on the ISFM approach include: (i) the use of improved 
crop germplasm; (ii) the correct use of fertilizer; (iii) appropriate organic resource 
management; and (iv) adaptation to local conditions (Vanlauwe et al., 2010).  
In Chapter 4, it was shown that maize grain yield in unfertilized control treatment plots 
is a good indicator of soil fertility, while in Chapter 3, past manure application was 
linked to enhanced soil nutrient supply. Boundary lines of maximum agronomic 
efficiency (AE) for the relationships between AEN, AEP and AEK, and yield in control 
plots in fields with and without past manure applications can therefore provide further 
insights into variations in AE between fields (Fig. 6.3). Maximum AEN was largest (25 
kg kg-1) at control yields larger than 0.7 t ha-1, while at smaller control yields, maximum 
AEN was 16 kg kg-1 (Fig. 6.3a). Low AEN at small control yields was prevalent in fields 
without past manure applications especially in the second cropping season, while high 
AEN was common in fields with past manure applications (Fig. 6.3a). Observed patterns 
are in line with those of Vanlauwe et al. (2011) who reported mean AEN of 17 and 31 
kg kg-1 for outfields characterised by limited applications of manure and homefields 
characterised by large manure applications, respectively. These findings subsequently 
support the co-application of fertilizer N and organic resources in poor quality fields as 
proposed in the ISFM conceptual framework (Vanlauwe et al., 2010). In farming 
systems of western Kenya, farmers typically remove crop residues for use as animal 
fodder and manure serves as the only source of organic matter. The co-application of 
manure with fertilizer N has been found to significantly enhance AEN (Vanlauwe et al., 
2011) due to additional quantities of N provided by manure (Palm et al., 2001). Manure 
application also increases SOM (Zingore et al., 2008), which improves AEN through 
enhanced crop N demand in poor soils (Vanlauwe et al., 2010). Improvements in soil P 
supply following manure application also enhances the recovery of applied fertilizer N 
as discussed in Chapter 3. As manure is a scarce resource in smallholder farming 
systems of western Kenya (Tittonell et al., 2010b), the co-application of fertilizer N and 
available quantities of manure in planting holes provides an opportunity for efficient use 
of scarce organic and inorganic nutrient resources at the farm level. Observed large 
variations in AEN at large control yields illustrate opportunities for further optimization 
of AEN in high fertility fields. Adaptations to local conditions by assessing yield 
response patterns as presented in the ISFM conceptual framework for optimizing AE 
(Vanlauwe et al., 2010) is recommended.  
In contrast to N, maximum AEP was highest (70 kg kg-1) at low control treatment yields, 
and declined strongly at control yields larger than 2.5 t ha-1 (Fig. 6.3b). Similar patterns 
observed for multiple studies across SSA were related to increasing plant-available soil 
P with increasing soil fertility (Kihara and Njoroge, 2013). Low AEP at large control 
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treatment yields in fields with past manure applications corroborates the strong effects 
of soil-available P on AEP, as past manure application was related to larger plant-
available P (Chapter 3). Observed patterns indicate potential options for optimizing 
fertilizer P use efficiency on smallholder farmers’ fields in western Kenya. In the short-
term, fields without past manure applications require optimal fertilizer P application 
rates to optimize fertilizer use efficiency. While a maximum P application rate of 38 kg 
P ha-1 has been suggested for the western Kenya region (Kihara and Njoroge, 2013), low 
soil P stocks in soils without past manure applications may necessitate slightly larger P 
applications to enhance plant-available P. This should however include the application 
of fertilizer N to enhance the uptake of applied P (Kihara et al., 2010). Targeted 
applications of manure on such fields is also recommended. On the other hand, fields 
with substantial amounts of manure previously applied can benefit from short-term 
adjustments in fertilizer P application rates by applying rates required for replacement 
purposes only (Kihara and Njoroge, 2013). In systems with substantial amounts of 
manure available, a longer-term ISFM based approach should include the rotational 
applications of manure within fields in a farm, with the subsequent adjustment of P 
application rates between fields based on manure application history.  
Maximum AEK tended to decline with increasing control yields (Fig. 6.3c). Observed 
maximum AEK of about 40 kg of grain per kg of K applied at control yields less than 1 
t ha-1 indicates that fertilizer K application should be a prerequisite in low fertility soils 
of western Kenya. Similar to AEP, high AEK at low control yields in fields without past 
manure applications suggests a scope for optimization of fertilizer K use efficiency 
based on past manure applications. While AEK generally declined with increasing 
control yields, large variations in AEK at control yields larger than 4 t ha-1 (Fig. 6.3c) 
suggests an additional scope for local adaptation to optimize AEK as previously 
discussed for AEN. 
The discussion above illustrates a clear scope for optimization of fertilizer use efficiency 
within smallholder farming systems of SSA through ISFM based approaches. 
Integration of ISFM to optimize fertilizer use efficiency should however be applied 
within existing farming systems (Vanlauwe et al., 2010). Suitable ISFM based 
approaches are therefore expected to differ from one farming system to another. 
Strategies that involve farmers and local experts to characterize current farming systems 
to identify opportunities and starting points for ISFM based approaches are required at 
the local level for targeted optimization of fertilizer use efficiency.  
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6.4 Revisiting the non-responsive soils discourse 
6.4.1 Quantification of non-responsive soils   
 
The presence of strongly degraded soils on which crops respond poorly to fertilizer 
applications (Zingore et al., 2007a; Kihara et al., 2016) is often stated as one of the key 
factors hindering crop productivity intensification in smallholder farms of SSA. 
Subsequently, the term ‘poor non-responsive soils’ has been coined to describe degraded 
soils where application of NPK fertilizers does not result in increased crop productivity 
(Vanlauwe et al., 2010). There however appears to be a lack of consensus on the specific 
criteria for identifying such poor non-responsive and low responsive soils. Some studies 
in western Kenya have used observed maize yields with NPK fertilization as a measure 
of responsiveness (Kihara et al., 2016), while others have used monetary returns to NPK 
fertilizer use as a measure of responsiveness (Njoroge et al., 2017a). Such distinct 
methodological differences are bound to invariably generate substantially different 
categorization of soils, with further expected differences in technological and policy 
recommendations. For example, in the study by Njoroge et al. (2017a), 57% of 44 sites 
which showed a value cost ratio (VCR) of less than 2 following application of 100, 30 
and 60 kg ha-1 of N, P and K respectively were classified as poorly non-responsive in 
the long rainy season of 2014. With mean maize grain yield response to NPK of 4.7 t 
ha-1 (Njoroge et al., 2017a), such classification raises a myriad of questions as one would 
expect that soils in this study are generally responsive. While VCR is a good indicator 
of the profitability of fertilizer use in smallholder farming systems (CIMMYT, 1988), it 
 
Fig. 6.3: Relationship between: a) agronomic use efficiency of nitrogen (AEN); b) agronomic use 
efficiency of phosphorus (AEP); and, c) agronomic use efficiency of potassium (AEK), and maize 
yield in control treatment plots at different levels of control yield in fields with and without past 
manure application. Boundary lines were fit using the three highest values of AEN, AEP or AEK 
respectively for every 1 t ha-1 increment in control yields. 
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is in my view a poor discriminator of responsive and poorly responsive soils given that 
changes in grain and or fertilizer prices influence VCR. Similar maize yields under the 
same soil fertility conditions, with the same fertilizer inputs in different seasons will 
result in different VCRs if farmers are confronted with substantially different maize and 
or fertilizer prices. A soil previously delineated as ‘poor non-responsive’ soil in one 
season may then be classified as ‘responsive’ in a subsequent season or vice versa while 
soil conditions and yield response to fertilizer remain the same! Seasonal differences in 
maize yield response to NPK fertilization under the bi-modal rainfall system of western 
Kenya are also bound to influence the proportion of poorly responsive soils. Indeed, a 
reduction in mean yield response to NPK by 57% in the subsequent short rainy season 
in the same study resulted in only 3 out of 44 fields attaining a VCR larger than 2, with 
93% of fields classified as poorly responsive (Njoroge et al., 2017a). Such strong 
seasonal effects on maize yield response to NPK fertilization are in line with our 
findings in Chapter 5 where mean maize yield under long-term NPK fertilization was 3 
t ha-1 in the short rainy season of 2016, and 7.8 t ha-1 in the subsequent long rainy season 
(Table 5.2). Reported occurrences of poorly responsive soils based on VCR are in my 
view then largely an issue of profitability of fertilizer use rather than responsiveness of 
soils, with distinct implications for farmers and policy makers. I therefore propose that 
the assessment of responsive and non-responsive soils should be strictly based on 
observed crop yield responses to fertilizer applications, with the profitability of such 
applications evaluated separately. Additionally, the strong effect of seasonality on maize 
yield response to NPK fertilization demands the use of multiple seasons experiments as 
a basis for evaluation of the occurrences of responsive and non-responsive soils in 
cropping systems such as those of western Kenya. 
6.4.2 Explaining non-responsiveness  
 
The occurrences of poor non-responsive soils has mainly been attributed to additional 
secondary and micronutrient deficiencies that are not addressed by fertilizer NPK 
applications (Njoroge et al., 2017a; Kihara et al., 2016; Zingore et al., 2008), with the 
additional application of manure frequently proposed to alleviate these deficiencies. 
While this may be the case for strongly degraded sandy soils (Zingore et al., 2008), 
findings in this thesis paint a different picture for higher clay content soils such as those 
of western Kenya. Results in Chapter 5 showed that low soil Mg and Ca concentrations 
did not influence maize yield response, and uptake of Mg and Ca with NPK fertilization 
(Fig. 5.5). Additionally, multiple NPK applications were required to substantially 
increase yields in strongly P and K depleted soils (Fig. 5.3). I therefore contend that 
from a plant nutrient availability perspective, poor maize yield responses to NPK 
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applications in western Kenya are primarily influenced by limitations in soil N, P and K 
supply. For example, taking into account N, P and K application rates of 100, 30 and 60 
kg ha-1 respectively in the previous studies by Kihara et al. (2016) and Njoroge et al. 
(2017a), and with expected recovery rates of about 0.5, 0.2 and 0.5 for N, P and K 
respectively, crop nutrient uptake from fertilizer would be approximately 50, 6 and 30 
kg ha-1 of N, P and K respectively. Findings in Chapter 5 showed that at 5 t ha-1 yield, 
the uptake of 85, 10 and 71 kg ha-1 of N, P and K respectively was required, with smaller 
uptakes in fields without past manure applications resulting in mean yields of 3.8 t ha-1 
(Table 5.1). Application rates of 100, 30 and 60 kg ha-1 of N, P and K respectively are 
therefore insufficient to supply plants with adequate plant available nutrients, given 
expected strong nutrient limitations on smallholder farms. Resulting maize yield 
response patterns are then likely reflective of differences in soil N, P and K supply 
between fields, and not truly a reflection of additional limitations in secondary and 
micronutrients. Indeed, findings from this study clearly showed that the significant 
contribution of past manure applications to larger maize yield response to NPK 
fertilization (Table 3.3) was related to improved soil supply of plant available P and K, 
and enhanced recovery of fertilizer N. This indicates that improvements in maize yield 
responses to NPK fertilization following manure applications are related to the strong 
influence of improved N, P and K availability which likely overrides effects of 
secondary and micronutrients. Results by Vanlauwe et al. (2006) which showed that 
fertilizer applications of 100 kg ha-1 each of N, P and K in strongly heterogenous fields 
across three different sites in western Kenya resulted in no differences in observed maize 
yield response to NPK between and within sites support my hypothesis. I therefore 
propose that studies aimed at identifying and explaining the occurrence of poorly 
responsive soils should first aim at supplying sufficient quantities of in particular P and 
K, before conclusions are drawn on the poor responsiveness, or otherwise of soils, and 
recommendations made.  
6.5 Enhancing maize productivity in sub-Saharan Africa  
6.5.1 The need for increased fertilizer applications 
 
Improved food self-sufficiency in SSA requires substantial yield improvements in 
maize, the most important cereal food crop in the region (Shiferaw et al., 2011). 
Findings from this study have shown that maize grain yields greater than 4.5 t ha-1 are 
possible once fertilization is right. Such yields are comparable to required mean country 
level yields of 4.5 t ha-1 for maize self-sufficiency in the East Africa region (ten Berge 
et al., 2019). This illustrates the significance of fertilizer use in closing current yield 
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gaps in maize (GYGA, 2019) in the SSA region as previously postulated by Mueller et 
al. (2012). It has recently been calculated that such yields would require minimum N, P 
and K application rates of 91, 10.7, and 57.1 kg ha-1 of N, P and K respectively (ten 
Berge et al., 2019). Current nutrient application rates in the East Africa region are 
however 5.2, 3.9, and 0.3 kg ha-1 of N, P and K respectively (Sheahan and Barrett, 2017), 
highlighting a big mismatch between required and actual fertilizer application rates. 
While improvements in the targeting of fertilizer applications are an important first step 
in enhancing maize yield responses to fertilizer applications, such targeting will be of 
minimal use if farmers cannot access required quantities of fertilizers. Improved farmer 
access to fertilizers is required for farmers to apply the quantities required to sustain 
high yields.  
Fertilizer use in smallholder farming systems of SSA is often limited by the high costs 
of fertilizer (Chianu and Mairura, 2012). To counter this and spur increased fertilizer 
use, various governments in the SSA region have committed significant portions of their 
annual budgets to reviving large-scale input subsidy programs (ISPs) (Jayne et al., 
2018). While these ISPs have been primarily aimed at increased fertilizer use to improve 
yields of staple cereals such as maize, yields remain low (FAO, 2018a). This raises a 
myriad of questions on the effectiveness of these programs, and suggests a change in 
approach. In the following sections, I briefly evaluate the effectiveness of current ISPs, 
and subsequently propose an alternative approach.  
6.5.2 Evaluating the effectiveness of maize input subsidy programs  
 
Second generation ISPs have been credited with recent increases in fertilizer use within 
smallholder farming systems of SSA (Sheahan and Barrett, 2017), and are currently the 
centerpiece of many African governments’ agricultural development programs (Jayne 
et al., 2018). While these ISPs have resulted in substantial increases in fertilizer use 
(Sheahan and Barrett, 2017), positive effects on maize productivity have been minimal 
(Mason and Tembo, 2015; Ricker-Gilbert and Jayne, 2017). A scrutiny of current ISPs 
illustrates underlying inadequacies in their structure and implementation. A major 
weakness of majority of ISPs is inefficiencies in the supply chain (Baltzer and Hansen, 
2011), leading to frequent delays in supply of fertilizers to farmers (Baltzer and Hansen, 
2011; Xu et al., 2009). This results in delays in fertilizer applications, reducing the 
effectiveness of fertilizers applied. ISPs also frequently cover only a limited set of 
inputs, curtailing farmers ability to meet farm specific nutrient requirements. For 
example, the national accelerated agricultural inputs access program (NAAIAP) in 
Kenya mostly supplies Diammonium Phosphate (DAP) and Calcium Ammonium 
Nitrate (CAN), while our findings (Chapter 3) have clearly demonstrated the need for K 
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fertilization to sustainably increase yields in the western Kenya region. Further, while a 
key goal of these second-generation ISPs was to ensure improved targeting of 
beneficiaries to enhance fertilizer use, this is rarely achieved. A review of Tanzania’s 
2009 ISP program indicated that the program did not allocate fertilizer to targeted 
beneficiaries any more efficiently than a random allocation would have (Pan and 
Christiaensen, 2012). In Malawi, despite using a community-based approach to target 
poor households, fertilizer subsidies failed to reach 46% of poor households while 
allocating inputs to 54% of non-poor households (Houssou and Zeller, 2011). Inability 
of ISPs to reach target beneficiaries has been largely linked to politically motivated 
targeting of beneficiaries as evidenced in Malawi, Ghana, and Kenya (Mather and Jayne, 
2018; Mason et al., 2016; Banful, 2011), and bias in allocation based on social standing 
within the community (Pan and Christiaensen, 2012; Mason and Smale, 2013). Based 
on the aforementioned challenges in the structure and implementation of current ISPs, I 
am of the view that in their current structure, ISPs will not spur the required increase in 
maize productivity, derailing efforts made towards improved targeting of fertilizer 
applications. An alternative approach is required.  
6.5.3 Towards non-subsidy-based improvements in access to fertilizers 
 
I propose a move away from ISPs towards a government led stakeholder inclusive 
approach aimed at structural and policy changes targeted at reductions in fertilizer cost 
(Fig. 6.4). As a first step, governments in SSA need to make sustained investments in 
development and improvement of inland transport. Poor inland transport significantly 
increases fertilizer costs, with inland transport accounting for 15-34% of fertilizer farm 
gate prices (Chianu and Mairura, 2012). Simulation studies in western Kenya previously 
showed that structural changes in fertilizer procurement which reduced fertilizer farm 
gate prices by 15% led to increases of 20-32% in farm incomes (Chianu et al., 2011). 
Recent increased government investments in rail, road, and port infrastructures in the 
East Africa region are in line with this proposed framework, and are expected to 
significantly reduce port delays and inland transportation costs, with an expected 
reduction in fertilizer prices accessed by farmers. Subsidies on transport of fertilizers 
that ensure the availability of fertilizers at the same price throughout the country are also 
useful in promoting farmers’ access to fertilizers. Policy changes that reduce barriers to 
entry into fertilizer markets and fertilizer distribution are also necessary to increase 
competition, improve efficiency and lower costs. For example, in Tanzania up to five 
agencies are mandated with controlling fertilizer imports, resulting in multiple fees that 
are eventually passed on to farmers (Jayne et al., 2018). In Kenya, policy reforms that 
eliminated retail price controls, import licensing quotas, and foreign exchange controls 
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are largely credited with the rapid growth in private fertilizer distribution networks in 
the past decade (Minde et al., 2008). This has significantly reduced the distance between 
farmers and agrodealers in majority of rural areas, greatly expanding access to fertilizer, 
reducing fertilizer transport and transaction costs (Minde et al., 2008). Enhanced 
stakeholder consultation is another key component of the proposed framework. Limited 
consultations and interactions between the various players in the fertilizer industry limit 
opportunities for synergy in efforts aimed at improvements in fertilizer use. Initiatives 
such as the recently reconstituted Kenya Fertilizer Roundtable (KeFERT) 
(https://ifdc.org/kefert/) are key in providing platforms for stakeholder consultations. 
Structural and policy changes that improve the profitability of fertilizer use in maize are 
also an important part of the proposed long-term strategy. Poor yield response to 
fertilizer application negatively affects profitability of fertilizer use, reducing farmers 
incentive and ability to purchase fertilizers in subsequent seasons. Investments in 
research aimed at more responsive maize varieties, and improved prediction of expected 
yield response to fertilizer application are required to improve profitability of fertilizer 
use. Findings in this thesis have illustrated limitations in estimation of soil nutrient 
supply as a key factor limiting accurate maize yield response predictions. Such findings 
present opportunities for detailed research to identify more reliable methods for 
estimating soil nutrient supply, and predicting crop yield responses to fertilizer 
applications. Increased research funding to local universities and national agricultural 
research stations, and enhanced structural and human capacity by governments is 
required for significant advancements in such research areas to be made.  
Targeted collaboration between research and extension is also required for passage of 
technologies developed from researchers to farmers. Extension systems in the majority 
of SSA countries are however inadequately equipped to meet the needs of farming 
communities (Swift and Shepherd, 2007). While extension agents recruited by fertilizer 
companies are helping to bridge this gap, the extension to farmer ratio remains low, 
resulting in large disparities in yield responses under researcher and farmer managed 
conditions (Jayne et al., 2018). Investments aimed at improving the extension to farmer 
ratio, and equipping of extension agents with skills and resources for technology transfer 
are required. The high penetration of mobile devices and significant reductions in mobile 
services costs in the recent past has opened opportunities for mobile phone-based 
extension services. With lower operational costs and higher farmer reach, mobile phone-
based extension services present opportunities for the cost-effective remodelling of 
extension systems in SSA.  
Besides the cost of fertilizers and crop yield response to fertilizer application, 
profitability of fertilizer use is strongly influenced by maize grain output prices. Output 
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prices accessed by majority of smallholder farmers in SSA are however usually low due 
to limited access to markets, the need to sell at harvest when supply is high and prices 
low due to cash constraints, and limited storage options. Low output prices affect the 
profitability of fertilizer use, limiting the ability of farmers to invest in fertilizers in the 
forthcoming season, resulting in a vicious cycle. For example, a countrywide survey in 
Malawi showed that while biological response of maize to fertilizer use was consistently 
high, less than 10% of sites indicated profitability at application of 45 kg nutrients ha-1 
when maize was sold at harvest, compared to 55% of sites when maize was sold later in 
the year at double the price at harvest (Benson, 1997). Guaranteed prices, improvements 
in market access, and decentralization of bulk grain storage facilities are examples of 
structural and policy changes that can improve grain output prices accessed by farmers. 
For example, structural and policy support of farmer cooperatives can enable farmers 
enjoy lower fertilizer prices due to economies of scale, while at the same time improving 
their bargaining power when selling maize grain.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
     Infrastructure development 
• Inland transport 
• Bulk grain storage 
• Port capacity and port operations 
 
 
 
Improved fertilizer use 
within smallholder farms 
 
     Policy issues 
• Barriers to market entry 
• Fertilizer regulations 
 
     Stakeholder consultation  
• Platforms for stakeholder 
engagements  
 
     Extension services 
• Strengthening of extension 
• Remodelling of extension  
 
    Improvements in output prices 
• Guaranteed prices 
• Farmer cooperatives 
 
     Research and extension 
• Investments in research 
• Linkage with industry 
• Linkage with extension  
 
Fig. 6.4: A framework for a non-subsidy-based approach to improve fertilizer use in SSA. 
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Annex A: Improving maize yield response predictions to fertilizer applications in the 
QUEFTS model. 
Annex B: Feed the crop, not the soil: Regenerating crop productivity on nutrient 
depleted soils in western Kenya. 
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Annex A 
 
Relationship between BLUP estimated and measured values 
The relationship between measured and BLUP estimates illustrated measurement errors 
not related to differences in fields or treatments imposed in key soil properties and total 
N, P and K uptake (Fig. A2). Measurement errors were minimal for SOC with a general 
good agreement between measured and BLUP values (Fig. A2a). Smaller R2 values and 
large residuals indicated stronger effects of measurement errors particularly for P-Olsen 
and total K uptake (Fig. A2b & A2f).  
 
 
Fig. A1: CART diagram showing differences in mean maize yield (t ha-1, 88% DM) 
response to NPK fertilization between good and poor seasons. 
 
 
Fig. A2: Relationship between measured and BLUP estimated: a) soil organic C; b) P Olsen; 
c) exchangeable K; d) total N uptake; e) total P uptake; and, f) total K uptake. Black lines 
are 1:1 line, while red lines are fitted lines. 
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Fig. A3: Relationship between maize grain yield and: a) total N uptake; b) total P 
uptake c) total K uptake in the seventh consecutive season of on-farm nutrient omission 
trials (n = 23) in Sidindi, western Kenya. Upper and lower lines are maximum nutrient 
dilution and maximum nutrient accumulation lines respectively based on the default 
QUEFTS model.   
 
 
Fig. A4: Relationship between QUEFTS and BLUP estimated total N, P and K uptake 
with default (a – c), and calibrated (d – f) N, P and K maximum accumulation and 
dilution, and recovery values. 
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Relationship between soil chemical properties and control yield with nutrient uptake 
from the soil 
Potential soil N, P and K supply in the QUEFTS model is based on SOC, P-Olsen, and 
exchangeable K respectively. Crop N, P and K uptake in PK, NK and NP treatment plots 
should therefore closely correlate with SOC, P-Olsen, and exchangeable K contents 
respectively. BLUP total N and P uptake were however poorly related to BLUP 
estimates of SOC and P-Olsen respectively (Fig. A5b & A5d), suggesting that SOC and 
P-Olsen were poorly informative of potentials soil N and P supply in the default 
QUEFTS model. On the contrary, grain yield in the control treatment plot was indicative 
of N, P and K uptake in the PK, NK and NP treatment plots respectively (Fig. A5a, A5c 
& A5e), illustrating that unfertilized yield may be a better predictor of potential soil N, 
P and K supply.  
 
 
Fig. A5: Relationship between: BLUP estimates of total N uptake in PK plots and a) 
BLUP yield estimates  in control plots, and b) BLUP soil organic C estimates in PK 
plots; BLUP estimates of total P uptake in NK plots and c) BLUP yield estimates in 
control plots, and d) BLUP P-Olsen estimates in NK plots; and, BLUP estimates of 
total K uptake in NP plots and e) BLUP yield estimate in control plots, and f) BLUP 
soil exchangeable K estimates in NP plots. 
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Annex B 
The RC-P Model 
Model input data and model parameters  
Data required to run the RC-P model are the: (i) rate and type of fertilizer applied; (ii) 
the total crop uptake of P by the unfertilized crop and that by the fertilized crop during 
the first year after fertilizer application; the (iii) net input of P; and the (iv) time constants 
of transfer between the labile and the stable pools. Table B1 shows the model input data 
used and the calculation of the various model parameters as previously reported by Wolf 
et al. (1987). Data on rate, fertilizer type, and total P uptake were derived from the last 
season of the Phase 1 (nutrient omission trial). P uptake from the NK and NPK 
treatments represented P uptake in the unfertilized and fertilized crop respectively.  
 
Table B1: Input data, calculation of model parameters, and initial pool sizes for an 
unfertilized and fertilized soil. Adapted from (Wolf et al., 1987). 
Line  
number 
Description Calculation* Value± 
Input data  
1 Type of fertilizer  Triple superphosphate 
2 Rate   40 
3 P uptake from unfertilized soil  Uptake in NK plot 
4 P uptake from fertilized soil  Uptake in NPK plot 
5 Net input of P   0 
6 Time constant of P transfer from labile to stable pool, years  5 
7 Time constant of P transfer from stable to labile pool, years  30 
Model parameters  
8 Labile fraction of fertilizer P  0.8 
9 Stable fraction of fertilizer P  0.2 
10 Labile P from fertilizer  2 x 8  32 
11 Stable P from fertilizer 2 x 9 8 
12 First season recovery 4 - 3 8 
13 Uptake fraction of labile pool  0.04 
Initial situation  
14 Size of labile pool, USǂ 3 ÷ 13  
15 Transfer labile to stable, US 14 ÷ 6  
16 Transfer stable to labile, US 3 + 15  
17 Size of stable pool, US 7 x 16  
18 Size of labile pool, FS 10 + 14  
19 Size of stable pool, FS 11 + 17  
*Numbers refer to line numbers 
±Sizes of pools are expressed in kg P ha-1; fractions in kg P ha-1; net input, transfers, changes, and P uptake and recovery 
in kg P ha-1 s-1; and time constants in years.  
ǂUS = unfertilized soil; FS = fertilized soil.  
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Determination of initial P pool sizes  
Data on total P uptake in fertilized and unfertilized soils was only available for the last 
season of Phase 1. To determine initial labile and stable P pools in each field at the start 
of phase one of the experiment, we used measured P uptake data in the seventh season 
in treatment plots with and without P applied (NPK and NK treatment plots respectively) 
to first determine sizes of labile and stable P pools in this seventh season. Using these 
values, the RC-P model was back cast for six seasons to predict initial labile and stable 
P pools in each field at the start of Phase 1 in LR 2013. Using these initial values, the 
model was then run to predict seasonal P uptake in plots with and without fertilizer P 
applied over the course of the study period.  
 
Accounting for direct uptake of placed fertilizer P  
In the original RC-P model, P uptake by plants is assumed to be only from the labile P 
pool (Wolf et al., 1987). Plant P uptake following fertilizer P application is therefore 
based on the contribution of applied fertilizer P to the labile P pool. This is calculated 
as a function of the fertilizer P applied, and the labile P fraction of the fertilizer P applied 
(Wolf et al., 1987). P in this labile pool has an availability to crops equal to that of the 
labile fraction of broadcast fertilizer (Wolf et al., 1987). Maize yield response to P 
application in the P exhausted soils however pointed at larger recovery of applied 
fertilizer P (Table 5.3 Chapter 5). This was consistent with findings by Van der Eijk et 
al. (2006) who reported larger recovery of placed versus broadcast fertilizer P in 
strongly P exhausted soils. This has been related to the presence of pockets of enriched 
soils with high P concentration directly below the placed fertilizer, allowing P uptake to 
proceed at a higher rate than that from the labile pool (Van der Eijk et al., 2006). This 
indicates a possible bypass in P uptake where plants take up P directly from the placed 
fertilizer, as opposed to uptake from only the labile pool.  
Estimation of P uptake in nutrient exhausted soils  
Total P uptake in P exhausted soils was only measured after the third season of fertilizer 
P application in nutrient exhausted soils. To assess total P uptake in the first seasons of 
fertilizer P application in these exhausted soils, we estimated total P uptake based on the 
observed relationship between yield and total P uptake at the end of Phase 1. The 
relationship between yield and total P uptake at the end of phase one indicated a 
curvilinear relationship with larger total P uptake at high yields (Fig. B1). Based on this 
relationship, we used observed yield values in the three cropping seasons of Phase 2-
NOT to estimate total P uptake following fertilizer P application in treatment plots with 
P previously omitted.  
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Modelling P uptake in nutrient exhausted fields 
Modelling of total P uptake in P exhausted soils was assessed by modelling total P 
uptake patterns following fertilizer P application in the former NK treatment plots in 
experimental Phase 2-NOT. Labile and stable P pool sizes in soils with and without 
fertilizer P applied at the end of Phase 1 of the experiment served as the initial soil P 
pools for modelling of P uptake in P. Prediction of total P uptake was first conducted 
using the original model parameters and equations (Table B1). The modified model 
accounted for direct uptake of placed fertilizer P by introducing a new parameter that 
represented the direct uptake of placed fertilizer P. Based on an estimated total P uptake 
of 10 kg P ha-1 in the first cropping season in soils with exhausted P stocks (Fig. 5.6 
Chapter 5), recovery of the applied 40 kg P ha-1 was estimated at 30% given a labile P 
fraction of 0.8 for the applied TSP fertilizer (Table B1). The new parameter value 
representing direct uptake of placed fertilizer was therefore set at 0.3.   
 
Fig. B1: Relationship between yield and total P uptake in the last season of 
experimental phase one. 
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Summary  
Agriculture in sub-Saharan Africa (SSA) is characterized by smallholder farming 
systems with low crop productivity. This is largely a result of soil fertility depletion 
following continuous cropping with minimal nutrient replenishment. To sustainably 
intensify crop productivity, increased mineral fertilizer use is required to address 
nutrient deficiencies that currently limit crop productivity. Current fertilizer use in 
smallholder farming systems of SSA is however characterized by large differences in 
crop yields with strong, but poorly understood variability in crop yield responses to 
applied mineral fertilizers. This is linked to crop management and strong heterogeneity 
in soil fertility between and within farms. For substantial increases in crop productivity 
with minimal costs for the farmer, better fertilizer recommendations that account for 
local soil fertility is required. This demands an improved understanding of dynamic 
patterns of crop yield responses, and the identification of key factors determining the 
variation in crop yield responses at the farm level. The key aim of this thesis was 
therefore to quantify and explain patterns of crop yields and yield responses to fertilizer 
applications in these heterogenous smallholder farming systems of SSA through detailed 
on-farm studies in western Kenya.  
In Chapter 2, dynamic and changing patterns of maize yield responses to fertilizer N, P 
and K applications were studied. In this chapter, results from on-farm nutrient omission 
experiments repeated during six consecutive seasons in the same trial locations were 
used to assess changes in the frequency and magnitude of maize yield response to 
fertilizer application. Treatments included a control (no nutrients applied), PK, NK, NP 
and NPK, and were established on 23 farms without replication. The frequency and 
magnitude of maize yield response to fertilizer applications varied strongly between 
farms and cropping seasons. Within six cropping seasons, the proportion of fields 
strongly responsive to N, P and K applications increased from 29 to 96%, 4 to 43%, and 
4 to 30%, respectively. While the proportion of fields that were strongly responsive to 
K was relatively small, yield losses of up to 80% were observed on these farms. 
Observed yield response patterns were not adequately captured by soil analysis data, 
suggesting the need for an additional characterization of farms to better explain observed 
yield response patterns. Based on consistently high yields and minimal variability in the 
maize yield response observed in the NPK treatment, we concluded that differences in 
N, P, and K fertility caused the spatial variability and fertilization with NPK reduced the 
observed spatial-temporal variability.  
Guided by findings in Chapter 2, Chapter 3 aimed at assessing and quantifying key 
factors causing variability in maize yield response to fertilizer N, P and K applications. 
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Past animal manure application was identified as the key factor causing the strong spatial 
variation in maize yield response to fertilizer applications. Mean maize yield response 
to N, P and K application was 2.8, 1.1 and 0.6 t ha-1 in farms with past manure 
applications, and 2.3, 3.0 and 1.6 t ha-1 in farms without past manure applications. 
Differences in maize yield response in fields with and without past manure applications 
were mainly related to enhanced soil P and K supply, and a larger recovery of applied 
N in fields where manure was applied in the past. In the seventh season of consecutive 
nutrient omission trials, past manure application contributed a fertilizer equivalent of 
28.3, 29.8 and 31.5 kg ha-1 of N, P and K respectively. Findings from this chapter 
illustrated that accounting for past farm management helps to explain observed yield 
response patterns. These findings further indicated that the strong influence of past 
animal manure application on yield response to fertilizer application merits the inclusion 
of past manure application as a co-variate in analysis of yield response data from 
smallholder cropping systems of SSA to reduce the unexplained spatial variability.  
In Chapter 4, we assessed the accuracy of the Quantitative Evaluation of the Fertility of 
Tropical Soils (QUEFTS) model in predicting maize grain yield following balanced and 
imbalanced fertilization under variable soil fertility conditions. The QUEFTS model did 
not adequately predict maize grain yield responses, mainly due to limitations in 
estimates of soil nutrient supply based on soil analysis data. Modified relationships for 
soil nutrient supply based on yields in unfertilized control treatment plots provided 
improved estimates of in particular soil N and P supply. This resulted in improved yield 
response predictions with the QUEFTS model. This study highlighted strengths and 
limitations in the current QUEFTS model in adequately predicting maize yield response 
to fertilizer applications under highly variable soil fertility conditions that are 
characteristic of SSA. Actual maize yields on farmer fields under minimal or no 
fertilization proved a useful proxy for soil nutrient supply in decision support tools, 
assuming that nutrient contents are reasonably constant and control yield is determined 
by limitations in soil nutrient supply. This presents a cost-effective yet fairly robust 
pathway for improving predictions of maize yield response to fertilizer applications at 
the farm level.  
Chapter 5 aimed at providing insights on response to fertilization on strongly nutrient 
depleted soils in Siaya. In this study, balanced NPK treatments and omission treatments 
were established in former nutrient omission trial plots. This study used the RC-P model 
to assess patterns of short- and long-term fertilizer P recovery under a range of soil 
fertility conditions. Soils with strongly depleted nutrient stocks were strongly responsive 
to balanced NPK application. Mean maize grain yields in the second season of combined 
NPK application on these soils were 5.5, 6.7, 6.5 and 7.0 t ha-1 at 88% dry matter in the 
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former control, PK, NK and NP treatment plots respectively, compared to 7.5 t ha-1 in 
the long-term NPK treatment plots. Findings from this study demonstrated that even 
strongly nutrient depleted soils of western Kenya are responsive to balanced NPK 
applications, and no prior investments to rebuild nutrient stocks and organic matter are 
required on these clay-rich soils for crop yields to be increased. Placed fertilizer strongly 
improved P recovery. Accounting for direct uptake of placed fertilizer P in the RC-P 
model resulted in improved model predictions of fertilizer P recovery. As all fields were 
responsive to NPK, even when strongly depleted, there is no direct need to focus on 
increasing soil fertility. It was concluded that for crop productivity intensification on 
these strongly nutrient depleted soils of Siaya, efforts should be aimed at fertilizing the 
crop, where soil nutrient stocks will recover slowly over time without additional farmer 
investments.  
In chapter 6, findings from Chapter 2 to 5 were integrated to provide insights for 
sustainable maize productivity intensification in smallholder farms of SSA based on 
fertilizer use. It was discussed that regular applications of mineral P and K fertilizers 
that meet crop nutrient demands are a more sustainable approach than a one-off large 
application of P and K fertilizers to improve the fertility of strongly depleted soils. In 
this chapter, options for optimization of fertilizer use efficiency based on integrated soil 
fertility management (ISFM) were also explored. It was found that fertilizer use 
efficiency can be enhanced through assessment of crop yield response patterns and 
animal manure application patterns at the farm level. We concluded that adjustments of 
fertilizer P and K application rates based on past animal manure application history, and 
the co-application of fertilizer N with available high-quality organic resources is 
required to optimize N, P and K fertilizer use efficiency at the field level.  
This thesis provides an improved understanding of the yield variability, and magnitude 
and drivers of variation in maize yield responses to fertilizer applications in smallholder 
farming systems of SSA. Findings from this thesis provide a means for improved 
targeting of fertilizer applications, resulting in better prediction of crop yield and yield 
responses to applied fertilizer. Findings in this thesis also demonstrate that mean yields 
of 4.5 t ha-1, required for maize self-sufficiency in the East African region, are 
achievable despite strong heterogeneity between fields and farms once fertilization and 
field management is right.  
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Samenvatting 
Landbouw ten zuiden van de Sahara wordt gekarakteriseerd door landbouwsystemen 
met kleine boeren en een lage productiviteit. Dit wordt voor een groot deel veroorzaakt 
door een sterk verslechterde bodemvruchtbaarheid als gevolg van continu-teelt zonder 
compenserende bemesting waardoor verlies van nutriënten-leverend vermogen optreedt 
door uitmijning. Duurzame intensivering vereist een verhoogde minerale bemesting om 
deze nutriënt-deficiënties te adresseren die nu de gewasproductiviteit sterk beperken. 
Landbouwsystemen met kleine boeren wordt gekarakteriseerd door grote verschillen in 
opbrengsten en een grote variabiliteit in de toename van productiviteit als er wordt 
bemest met kunstmest. Deze variabiliteit wordt  nog slecht begrepen, maar is 
waarschijnlijk gekoppeld aan de grote verschillen in management van gewassen en de 
grote heterogeniteit in bodemvruchtbaarheid tussen bedrijven en tussen percelen binnen 
een bedrijf.  Voor een substantiële toename in gewasproductiviteit met minimale kosten 
voor de boer zijn betere bemestingsadviezen nodig die rekening houden met de lokale 
bodemvruchtbaarheid. Het hoofddoel van dit proefschrift was om de patronen in 
bodemvruchtbaarheid ten zuiden van de Sahara in de betreffende bedrijfssystemen te 
kwantificeren en verklaren met gedetailleerde studies op boerenbedrijven in het westen 
van Kenia.  
In hoofdstuk 2 zijn dynamische patronen van de opbrengstrespons van maïs door N, P 
en K giften bestudeerd. De resultaten van 6 opeenvolgende seizoenen van zogenaamde 
nutriënt-omissieproeven in Siaya (west-Kenia) met behandelingen op de zelfde plek zijn 
gebruikt om veranderingen in de magnitude en frequentieverdeling van de 
opbrengstrespons van maïs op bemestingen te bepalen. De proef is bij 23 bedrijven 
gestart, waarbij op elk bedrijf vijf behandelingen werden aangelegd, zonder herhaling, 
met een controle zonder bemesting en behandelingen met respectievelijk PK, NK, NP 
en NPK bemestingen. De respons varieerde sterk tussen de bedrijven waarbij de 
frequentieverdeling van responsen ook sterk veranderden in de loop van de jaren. Het 
aandeel van bedrijven met een sterke respons op bemesting nam toe van 29 tot 96% voor 
N, 4 tot 43 % voor P en 4 tot 30% voor K. Alhoewel het aandeel van bedrijven met een 
sterke respons op K relatief klein was, werden op deze bedrijven opbrengstdervingen 
tot 80% gemeten. De geobserveerde opbrengstpatronen werden niet adequaat 
beschreven door analyses van grondmonsters, wat vraagt om een additionele 
karakterisering van deze bedrijven om de beschreven patronen beter te kunnen 
verklaren. De sterke, consistente en weinig variabele opbrengstrespons van de NPK 
behandeling die in de proeven werden gemeten leidde tot de conclusie dat de elementen 
N, P en K de belangrijkste factoren zijn en dat NPK bemesting de beschreven variatie 
in ruimte en tijd sterk verkleint. 
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Geleid door de bevindingen uit hoofdstuk 2, had hoofdstuk 3 als doel om sleutelfactoren 
te identificeren en de invloed op de variabiliteit in opbrengstrespons te kwantificeren. 
Bemesting met dierlijke mest in het verleden was de belangrijkste variabele waarmee 
de variabiliteit in respons verklaard kon worden. De opbrengstrespons van maïs door 
bemestingen was 2,8 t/ha voor N, 1,1 t/ha voor P en 0,6 t/ha voor K op bedrijven waar 
dierlijke mest was gebruikt en 2,3 t/ha voor N, 3,0 t/ha voor P en 1,6 t/ha voor K op 
bedrijven waar geen dierlijke mest was gebruikt in het verleden. Dit geeft het belang 
van dierlijke mest voor met name de P en K beschikbaarheid in de bodem aan. In het 
zevende seizoen na de laatste dierlijke mestgift was de equivalente kunstmestgift gelijk 
aan 28,3 kg N/ha, 29,8 kg P/ha en 31,5 kg K/ha. Deze bevindingen laten zien dat 
mestgiften in het verleden een belangrijk deel van de patronen in opbrengsten en 
opbrengstrespons kunnen verklaren. Dit laat ook zien dat bemestingsproeven waarbij 
verschillende locaties worden gecombineerd beter geanalyseerd kunnen worden als 
mestgiften in het verleden wordt meegenomen. Dit is met name van belang om de 
respons op P en K op percelen zonder gebruik van dierlijke mest te kunnen ontwarren 
van de achtergrondruis door de ruimtelijke variatiecomponent, wat zal leiden tot een 
beter begrip van landbouwsystemen met kleine boeren ten zuiden van de Sahara.  
In hoofdstuk 4 is de voorspelfout van het QUEFTS model voor maïsopbrengst in respons 
op gebalanceerde en ongebalanceerde bemesting op velden met een variabele 
bodemvruchtbaarheid beoordeeld. Het QUEFTS model gaf geen nauwkeurige 
voorspelling van de opbrengstrespons, vooral door een gebrekkige schatting van de 
beschikbare nutriënten die in de bodem beschikbaar zijn. De voorspelde 
opbrengstrespons verbeterde sterk als de nutriëntenbeschikbaarheid geschat werd op 
basis van de opbrengsten in het controleveldje zonder bemesting, vooral voor N en P. 
Deze studie bracht hierdoor naar voren dat de relatie tussen N, P en K opname en 
opbrengst in QUEFTS goed werden beschreven maar dat de onzekerheid in de relatie 
tussen bodemparameters en nutriëntenopname leidde tot een matige relatie tussen 
voorspelde en waargenomen opbrengsten. Dit bracht zowel de kracht als de beperkingen 
in opbrengstvoorspellingen van het huidige QUEFTS aan het licht onder variabele 
bodemvruchtbaarheidscondities die zo typisch zijn voor landbouw ten zuiden van de 
Sahara. Actuele opbrengsten voor velden zonder of met minimale bemesting gaven een 
goede benadering van de beschikbaarheid van nutriënten als aangenomen wordt dat de 
groei van het gewas beperkt wordt door nutriëntenbeschikbaarheid en de concentratie 
van nutriënten onder beperkte condities redelijk constant zijn. Dit geeft een 
kosteneffectieve en redelijk robuuste mogelijkheid om de opbrengstrespons op 
meststofgiften op bedrijfsniveau te verbeteren.  
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Hoofstuk 5 was gericht op het verkrijgen van inzicht in de opbrengstrespons op 
meststoffen op sterk uitgemijnde gronden. In deze studie is gekeken naar de effecten 
van een gebalanceerde NPK en NP, NK, en PK behandeling op de veldjes in Siaya waar 
eerder omissie- en controle behandelingen hadden gelegen. In deze studie is ook het RC-
P model onder de loep genomen om het verloop en herstel van de P toestand van de 
bodem te beschrijven en kwantificeren. Percelen met een zeer lage 
bodemvruchtbaarheid hadden een sterke opbrengstrespons op gebalanceerde NPK 
giften. In het tweede seizoen met NPK giften na de omissieproef waren de 
maisopbrengsten (bij een droge stofgehalte van 88%) respectievelijk 5,5 t/ha voor de 
controle, 6,7 t/ha voor PK, 6,5 t/ha voor NK en 7,0 t/ha voor NP behandeling, ten 
opzichte van 7.5 t/ha voor de doorlopende behandeling met alleen een NPK gift. De 
uitkomsten laten zien dat de opbrengstrespons op sterk uitgemijnde maar klei-rijke 
gronden in West-Kenia na NPK bemesting sterk is en hoge opbrengsten mogelijk zijn 
zonder voorafgaande investeringen om de organische stof- en bemestingstoestand van 
de bodem te herstellen. Het aanbrengen van geplaatste P bemesting naast de zaden gaf 
een sterk verbeterde P terugwinning van de gegeven P bemesting door het gewas. Het 
RC-P model liet een verbeterde voorspelling zien van de P terugwinning als rekening 
wordt gehouden met plaatsing van P meststoffen op deze uitgemijnde gronden. Omdat 
alle velden sterk reageren op NPK bemesting is het niet nodig om te focussen op de 
verbeteringen van bodemvruchtbaarheid. In conclusie is voor de uitgemijnde gronden 
van Siaya een focus op de bemesting van de plant nodig voor intensivering van 
gewasproductiviteit waarbij de bodemvruchtbaarheid in de loop van de tijd zal 
verbeteren zonder extra investeringen van de boer.  
In hoofdstuk 6 worden de bevindingen van de hoofdstukken 2 tot en met 5 geïntegreerd 
om inzicht te verschaffen voor de duurzame intensivering van de maisproductiviteit met 
kunstmestbemesting. Om de bodemvruchtbaarheid van sterk uitgemijnde gronden te 
verbeteren is een regelmatige toediening van minerale bemesting, waarmee de behoefte 
aan nutriënten voor gewasopname voor een groeiseizoen gedekt wordt, een betere 
strategie dan een eenmalige grote dosis. Een evaluatie van opties voor intensivering op 
sterk verarmde bodems bracht aan het licht dat regelmatige bemesting gericht op de 
nutriëntopname van de plant, en niet de bodem, een duurzame strategie is om 
maisopbrengsten te verhogen. Ook zijn opties voor een geïntegreerd management van 
bodemvruchtbaarheid verkend. Er kwam naar voren dat de efficiëntie van kunstmest 
kan worden verbeterd door rekening te houden met ruimtelijk patronen van opbrengst 
en gebruik van dierlijke mest op een bedrijf. Als conclusie kwam naar voren dat een 
aanpassing van P en K bemestingen op basis van dierlijke mestgebruik in het verleden 
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en gezamenlijke toediening van N met hoogwaardige organische bronnen nodig is om 
de gebruiksefficiëntie op veldniveau te verbeteren.    
Dit proefschrift geeft een verbeterd begrip van de oorzaken van variatie en ruimtelijke 
verdeling van opbrengsten en bemestingsresponsen en de veranderingen in een serie van 
seizoenen op kleine landbouwbedrijven te zuiden van de Sahara, onder invloed van 
gebalanceerde en ongebalanceerde bemestingen. De resultaten uit dit proefschrift geven 
handvatten voor een verbeterde en meer doelgerichte kunstmestbemesting wat zal leiden 
tot verbeterde voorspelbaarheid van opbrengsten en opbrengstresponsen op gegeven 
kunstmestgiften. Resultaten in dit proefschrift laten ook zien dat met een gebalanceerde 
NPK bemesting en goed management een maïsopbrengst van 4.5 t/ha, welke nodig is 
voor volledige zelfvoorziening van mais in de oost-Afrika regio, goed haalbaar is 
ondanks de grote heterogeniteit in bodemgesteldheid.  
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